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Abstract
This thesis is concerned with the theory, fabrication and characterization of broad-
band mid-IR superluminescent diodes and edge emitting laser diodes. Molecular
beam epitaxy (MBE) grown gallium antimonide (GaSb)-based heterostructures were
fabricated into straight, tilted and tapered beam-dump ridge-waveguide devices. Fab-
ricated superluminescent diodes were tested for more than 5 mW CW output power
around 1.90µm emission wavelength at room-temperature. An extremely wide emis-
sion spectrum of 200nm range with maximum power upto 0.15mW has been reported.
Ridge-waveguide diode lasers with 7µm wide ridge width gave a minimum threshold
of 36mA and a stable single-mode confinement.
Acknowledgements
This Master’s thesis work was carried out at the Optoelectronics Research Centre
(ORC), Tampere University of Technology in a joint collaboration with Institute of
Photonics, University of Eastern Finland (UEF). The work was funded by the frame
work of Horizon 2020 project MIREGAS.
I am grateful to the Dr. Jukka Viheria¨la¨, for acting as my supervisor and intro-
ducing me to the semiconductor processing. I also thank Professor Seppo Honkanen
for a joint collaboration from UEF and Prof. Pasi Vahimaa for evaluating my thesis
from UEF. Special thanks to Professor Mircea Guina for accepting me in his research
group to make my thesis work.
I would like to thank Mervi Koskinen who trained me in cleanroom and helped
me alot in understanding the fabrication of devices, and also assisting me at every
stage of processing. I also express my gratitude to Riku Koskinen, who actively took
part in the growth and characterization of the GaSb wafers, and provided theoretical
insight into the structure of lasers we processed. I would also like to thank Antti
Aho for helping me at every stage of characterization and mask designing, and
always have been willing to help whenever there have been some issues with the
characterization equipment. I also thank Dr. Soile Suomalainen for her role in MBE
and comments on the MBE related work of this thesis.
Special thanks go to Anne Viherkoski and Eija Heliniemi, from ORC, and Noora
Heikklia¨, from UEF, for handling my all administrative issues from the very start of
my master’s thesis.
I warmly thank my parents for all their support and love. Lastly, I would thank
my friends and relatives who helped me to keep in touch with the real world.
Tampere, September 2015 Nouman Zia
iii
Contents
1 Introduction 1
2 Basic physics of a semiconductor laser 5
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Radiative recombination . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.1 Light absorption . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.2 Optical gain in active region . . . . . . . . . . . . . . . . . . . 8
2.2.3 Spontaneous and amplified spontaneous emission . . . . . . . 9
2.2.4 Quantum well as an active region . . . . . . . . . . . . . . . . 10
2.3 Fabry-Perot cavity diode laser . . . . . . . . . . . . . . . . . . . . . . 11
2.3.1 Threshold current and output power . . . . . . . . . . . . . . 12
2.4 Non-radiative recombination . . . . . . . . . . . . . . . . . . . . . . . 15
2.4.1 Nonradiative threshold current . . . . . . . . . . . . . . . . . 17
2.5 Carrier leakage over heterojunction . . . . . . . . . . . . . . . . . . . 17
2.6 Temperature dependence of device performance . . . . . . . . . . . . 18
3 Design of a superluminescent diode 21
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Optical gain in superluminescent diode . . . . . . . . . . . . . . . . . 21
3.3 Operation requirement of a SLD . . . . . . . . . . . . . . . . . . . . . 23
3.4 Waveguide designs for low facet reactivities . . . . . . . . . . . . . . . 25
3.4.1 Anti-reflection coating . . . . . . . . . . . . . . . . . . . . . . 25
iv
3.4.2 Passive absorption . . . . . . . . . . . . . . . . . . . . . . . . 25
3.4.3 Waveguide tilting . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.4.4 Device optimization . . . . . . . . . . . . . . . . . . . . . . . . 27
3.4.5 Bent waveguide . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.4.6 Tapered-passive absorption . . . . . . . . . . . . . . . . . . . 28
4 Gallium antimonide material system 30
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.2 Lattice structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2.1 Heterostructures . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2.2 Strained quantum well layers . . . . . . . . . . . . . . . . . . 32
4.3 Gallium antimonide and AlGaInAsSb materials used in this work . . 33
4.4 Strained InGaAsSb QW . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.5 Separate confinement heterostructure (SCH) layer . . . . . . . . . . . 36
5 Edge-emitting semiconductor lasers 38
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.2 Waveguide modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.2.1 Transverse modes . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.2.2 Lateral modes . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.3 Gain-guided lasers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.4 Index-guided lasers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.5 Far-field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
6 Device fabrication 47
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
6.2 Epitaxial growth of structures . . . . . . . . . . . . . . . . . . . . . . 47
6.3 Laser structure used in this work . . . . . . . . . . . . . . . . . . . . 49
6.4 Device processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
6.4.1 Main processing technologies used . . . . . . . . . . . . . . . . 52
6.5 Processing steps of a RWG device . . . . . . . . . . . . . . . . . . . . 60
6.5.1 Ridge exposure . . . . . . . . . . . . . . . . . . . . . . . . . . 60
6.5.2 Opening exposure . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.5.3 Metallization exposure . . . . . . . . . . . . . . . . . . . . . . 64
6.5.4 Finishing steps . . . . . . . . . . . . . . . . . . . . . . . . . . 66
v
7 Results and discussion 68
7.1 SEM analysis of processed chip . . . . . . . . . . . . . . . . . . . . . 69
7.2 Characterization of superluminescent diodes . . . . . . . . . . . . . . 69
7.2.1 Tilted RWG SLD . . . . . . . . . . . . . . . . . . . . . . . . . 70
7.2.2 Tapered beam-dump RWG SLD . . . . . . . . . . . . . . . . . 72
7.3 Characterization of RWG and oxide-stripe diode lasers . . . . . . . . 74
7.3.1 RWG diode laser . . . . . . . . . . . . . . . . . . . . . . . . . 74
7.3.2 Oxide-stripe diode laser . . . . . . . . . . . . . . . . . . . . . 74
8 Conclusions 78
Bibliography 80
Appendix
A Important processing steps of a RWG device . . . . . . . . . . 89
vi
List of Figures
2.1 Energy versus wave-vector diagram, showing schematically the one conduction
and three valence bands i.e. heavy-hole band, light-hole band and split-off band
(a) direct-band-gap semiconductor where conduction and valence band-edges have
same k value (b) indirect-band-gap semiconductor where conduction and valence
band-edges are separated by distance ∆k . . . . . . . . . . . . . . . . . . . 7
2.2 Band-to-band radiative transitions . . . . . . . . . . . . . . . . . . . . . . 8
2.3 QW energy bandgap diagram, where Eg(QW ) is the QW energy bandgap and
Eg(barrier) is the barrier energy bandgap. The horizontal dimension represents
the physical length of the semiconductor layers, perpendicular to the surface. . . 10
2.4 Schematic illustration of a Fabry-Perot (FP) cavity. . . . . . . . . . . . . . . 12
2.5 Schematic illustration of the gain profile and longitudinal modes of a semiconduc-
tor laser. For the lasing mode in the vicinity of the gain peak, the threshold is
reached when gain equals loss. . . . . . . . . . . . . . . . . . . . . . . . . 13
2.6 Band-to-band Auger process. . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.7 Schematic diagram for carrier leakage from active region (QW) into cladding layer. 18
3.1 Waveguide geometries for single- and double-pass. (a) Straight waveguide SLD
with AR coatings on both facets (b) Bent waveguide SLD with high reflection on
rear facet, R2, and negligible reflection on front facet, R1. AR= Anti-reflection
coating, L =length of RWG, w= width of RWG, β = bent angle, L3 = length
bent section, L2 = length of straight waveguide in bent SLD . . . . . . . . . . 24
vii
3.2 Waveguide geometries to suppress lasing with (a) passive absorption on rear facet
and active RWG on front facet (b) tilted RWG (c) tapered and passive absorption
(d) tilted RWG, tapered and passive absorption technique. L4= length of active
RWG in beam dump geometry, L5 ∼= L7 = length of passive absorption section,
L6= length of straight active RWG in tapered-passive absorptive geometry , t=
taper length and w2 = width of taper end. . . . . . . . . . . . . . . . . . . 26
4.1 Zincblende structure of GaSb. . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2 Two-dimensional schematic of epitaxial layer unit cell shape change due to strain
if its lattice constant differs from the substrate lattice constant. . . . . . . . . . 32
4.3 InGa(As)Sb QW with high indium content and weak hole confinement. . . . . . 35
4.4 Optical mode intensity profile (dashed lines) for three different waveguide thick-
nesses around QWs to confine the optical mode. In (a), the separate confinement
heterostructure (SCH) layer thickness is 155nm, (b) has SCH thickness of 400nm
and (c) has SCH thickness of 600nm. . . . . . . . . . . . . . . . . . . . . . 37
5.1 Gain guided stripe oxide laser. (a) Laser device (b) Crossectional view of laser
showing each epitaxial layer. . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.2 Ridge waveguide laser. (a) Laser device (b) Crossectional view of laser showing
each epitaxial layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.3 Far field of a RWG diode laser. . . . . . . . . . . . . . . . . . . . . . . . . 45
6.1 Schematic view of an MBE growth chamber [1]. . . . . . . . . . . . . . . . . 49
6.2 Schematic band diagram of laser structure where right most portion is bottom
and left most part is the top layer. . . . . . . . . . . . . . . . . . . . . . . 50
6.3 Epitaxial layers laser structure grown on GaSb substrate. . . . . . . . . . . . . 52
6.4 Refractive index profile (solid line) for the laser structure together with the optical
mode intensity (dashed line). . . . . . . . . . . . . . . . . . . . . . . . . . 53
6.5 Tilted RWG SLD showing main features to be defined through processing. . . . 53
6.6 Simulated reflectance curves for TE, TM and average polarization when 314.6 nm
of Al2O3 is grown at 1950 nm. . . . . . . . . . . . . . . . . . . . . . . . . 59
6.7 Patterning steps of a RWG laser processing. Step 1 is the patterning of ridges,
Step 2 is the deposition of dielectric layer around ridges and Step 3 is the deposi-
tion of p-metal contact. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
viii
6.8 Sample surface after each RWG processing step in the first lithography step. Ac-
tive region of the laser material is shown in red. (a) Initial substrate. (b) Sample
after growth of SiO2 layer in PECVD. (c) After resist spinning. (d) UV exposure
using a first lithography mask for patterning. (e) Surface after resist develop-
ment. (f) Etching of SiO2 layer in RIE. (g) Resist removal before ridge etch. (h)
Ridge etching to semiconductor surface with a SiO2 mask. (i) Etched ridge after
removal of SiO2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
6.9 ICP etch depth vs. etch time for GaSb sample. Squares and triangles represent
measured and interpolated data data points where blue triangle is the etching
depth used in this work. . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.10 Sample surface after each RWG processing step in the second lithography step.(a)
Sample surface after SiN growth. (b) Resist spinning. (c) UV exposure with the
opening lithography mask. (d) Development of exposed resist. (e) Etching of SiN
layer in RIE to form the ridge opening. (f) Removal of remaining resist. . . . . . 64
6.11 Sample surface after each processing step in the third lithography step of the
RWG process. (a) Spinning the image reversal resist. (c) UV exposure with the
metallization mask, followed by image reversal bake. (d) Flood exposure to change
the resist polarity. (e) Sample after resist development where areas exposed in
during first exposure remain covered with resist. (e) Evaporation of the metal
contact to the p-side of sample. (f) Lift-off of remaining resist. . . . . . . . . . 65
6.12 Sample each processing step in the final steps of the process. (a) Thinning of
the sample, (b) n-side metallization, (c) Cleaving and scribing of sample into
individual components. (d) Bonding of each device on submout. . . . . . . . . 66
6.13 SEM image (left) and a microscope image (right) of an RWG component bonded
on a submount for measurements. . . . . . . . . . . . . . . . . . . . . . . . 67
7.1 Optical setup for measuring emission spectrum of low power SLDs. . . . . . . . 68
7.2 SEM images of a RWG device for a target ridge width of 4 µm and etch depth
of 2100 nm, where (a) is the waveguide crossection to measure width (b) is the
dwell crossection to measure etch depth and (c) is the SEM image showing pillars
on etched surface caused by the etching mask. . . . . . . . . . . . . . . . . . 70
7.3 Short cavity, 600 µm, tilted RWG SLD; CW mode, w= 2 µm, room temperature
(RT). Where (a) is the output power of a LD and tilted RWG SLD and (b) is
emission spectrum at three different currents . . . . . . . . . . . . . . . . . 71
ix
7.4 1000 µm tilted SLD before and after AR coatings, where (a) shows the I-L curve
and (b) is emission spectrum at RT. . . . . . . . . . . . . . . . . . . . . . . 71
7.5 1600 µm tilted SLD before and after AR coatings, where (a) shows the I − L
curve and (b) is emission spectrum at RT. . . . . . . . . . . . . . . . . . . . 72
7.6 1600 µm straight tapered beam-dump SLD, where (a) shows the I −L−V curve
of uncoated device, (b) is emission spectrum before AR coating and (c) is the
emission spectrum after AR coatings. . . . . . . . . . . . . . . . . . . . . . 73
7.7 Performance characteristics of a 1000 µm long RWG laser diode, where (a) is the
L − I curve for different ridge widths at RT, (b) is the lateral far-field for 7 µm
wide RWG diode laser, (c) is the L− I curve at different temperatures for 7 µm
wide and (d) is the L− I curve of 5 µm wide RWG LD at different temperatures. 75
7.8 Performance characteristics of a 1000 µm long oxide stripe diode laser, at RT,
having 80 µm wide stripe, where (a) is the L − I curve with the slope efficiency,
(b) is the lateral far-field for before and after the kink and (c) is the L− I curve
at different temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
x
List of Tables
1.1 Development of GaSb SLD’s concerning wavelength (nm), output power P (mW)
and spectral width (nm) [2, 3]. . . . . . . . . . . . . . . . . . . . . . . . . 3
4.1 List of parameters at room temperature for common III-V semiconductors [4]. . . 33
xi
Chapter I
Introduction
Semiconductor laser diodes emitting around 2-3 µm spectral range are becoming
increasingly interesting for many sensing and defense applications. In particular,
due to strong water, H2S, N2O, HF , CO and CO2 absorption in this range, such
lasers can be used for sensing applications of mentioned gas molecules [5,6]. For gas
sensing one needs a tunable single mode laser due to the fact that gas absorption
bands are composed of a set of discrete lines, whereas, for sensing in liquids, a
spectrally broad high brightness source is preferred, since absorption lines broaden
into bands. In both cases, for practical reasons, the most compact, least-power
consuming, and efficient sources are desired. A suitable solution can be achieved by
using a superluminescent diode (SLD) for such applications [7].
A Superluminescent light-emitting diode (SLD) offers a good characteristics be-
tween the brightness and beam directionality of a laser diode (LD) and the broad
emission spectrum of an LED. Small spectral modulation and large spectral width
are important features for SLDs. Reduction of spectral modulation has been at-
tempted by many efforts, including antireflection coating the facet [8], tilting the
waveguide [9], adding some absorption section to waveguide [10] and bending the
waveguide [11].
Two material systems have been used to fabricate diode lasers emitting at approx-
imately 2 µm. The first is the InP-based quantum well lasers employing compres-
sively strained InGaAs active layers grown on InP substrates [12, 13]. The devices
emitting between 2.0 and 2.07 µm exhibited high performance at RT [12]. CW
threshold current density as low as 250A/cm2 and CW output powers as high as 1.6
W have been obtained [13] .
1
The second material system is the more conventional strained multiple quantum
well (MQW) laser diodes based on the GaIn(As)Sb active layers and AlGaAsSb
barrier/confining layers grown on GaSb substrates for spectral emission near 2
µm [14–16]. Antimonide mid-IR lasers are mostly grown by molecular beam epi-
taxy (MBE) [1], a technique that allows better control of the layer thicknesses and
interface compositions than other growth techniques. However, antimonide MBE
technology is much less mature than for GaAs-based and InP-based optoelectronic
devices. Other most common issues associated with the GaSb based mid-IR lasers
and especially for λ > 2µm are non-radiative Auger recombination, valence band
hole leakage, free carrier absorption and temperature sensitivity [14, 17, 18]. De-
spite of aforementioned problems, a large amount mid-IR lasers have been grown
successfully on GaSb material system [14]. The first MBE grown GaSb based QW
laser [15], with the emission wavelength around 2.1 µm , largely outperformed the
double heterostructure lasers and became the main basis for further progress in room
temperature diode (RT) lasers for the 2-3 µm spectral range.
For broadened-waveguide InGaAsSb/AlGaAsSb quantum-well diode lasers, a
maximum CW output power of 1.9 W and a threshold current density of 115 A/cm2
were observed for a wavelength emission around 2 µm [19]. Such kind of broadened-
waveguide GaInAsSb/GaAlAsSb single and multiple quantum well lasers have ex-
hibited a threshold current density as low as 50 A/cm2 [20] and record characteristic
temperature of 140 K [21] at emission wavelength around 2 µm.
As the spectroscopic applications require single mode and single frequency laser
diodes which can work in the continuous wave (CW) regime near RT. Therefore,
the broadened-waveguide high power lasers emitting in several spatial modes and in
multiple frequencies (longitudinal modes) are unsuitable for molecular spectroscopy.
Thus, a new class of edge emitting laser employing ridge waveguide geometry is used
that can operate in a single transverse mode for an optimum waveguide geometry
[22, 23]. For the type-I GaInAsSb ridge-waveguide (RW) lasers emitting at 2.0 µm,
cw power as high as 100 mW and threshold current as low as 20-30 mA has been
reported [24]. These devices were operated CW at temperatures up to 130 ◦C. For
a 2.3 µm emission wavelength, a single transverse-mode operation was reported for
GaInAsSb/AlGaAsSb QW ridge-waveguide lasers at temperatures as high as 130 ◦C
and threshold current as low as 20 mA [25]. A lot of work has been done to achieve
a single mode output from GaInAsSb/AlGaAsSb QW lasers at emission wavelength
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longer than 2.0 µm [14,17, 18] but this is beyond the scope of this thesis.
Most of the research work so far has been focused on the development of SLDs
operating at short infrared wavelengths. For example, InGaN-based [26] SLDs at
410 nm have been developed for optical coherent tomography (OCT) while InGaAs-
based [27] SLDs at 900 nm have been developed for applications including fiber
optic-sensor and free space and multi-mode fiber communication. On the other
hand, the development of SLDs at mid-infrared wavelengths (2-3 µm) has received
far less attention. So far, very few single-spatial-mode broadband SLD devices have
been reported operating ≥ 2 µm wavelength range with high output power [2, 3, 7].
All these SLDs have been reported below 2.5 µm wavelength. A general overview of
the CW emission wavelength, power and spectral width at RT of all these devices
is given in the Table. 1.1
Table 1.1
Development of GaSb SLD’s concerning wavelength (nm), output power P (mW) and
spectral width (nm) [2, 3].
Wavelength(µm) Power(mW) Spectral width(nm)
2.05 40 40
2.25 10 80
2.4 5 110
Still a lot of research work is required to develop high power and broadband
GaSb based SLDs capable of 2-3.5 µm emission wavelength. The main emphasis of
this thesis is the fabrication and characterization of broadband mid-IR GaSb based
SLDs employing different waveguide geometries.
In this thesis the fundamental physics of a semiconductor laser is discussed in
Chapter 2. Chapter 3 introduces the working principle and design of a superlumi-
nescent diode. Chapter 4 discusses the complete GaSb material system used in this
thesis. Chapter 5 deals with the working principle of edge emitting GaSb based
semiconductor lasers used in this work. The first half of Chapter 6 briefly presents
the MBE growth used in this work, while the second half of Chapter 6 is dedicated
to the complete semiconductor processing of devices we used. Chapter 7 is all about
the results and discussion of this work. Finally, Chapter 8 concludes the thesis and
3
presents future developments in this research work of GaSb based SLDs.
4
Chapter II
Basic physics of a semiconductor laser
2.1 Introduction
This chapter is intended to provide a review of the basic concepts of semiconduc-
tor physics and laser theory [28, 29]. In a semiconductor material, recombination
mechanisms can in general be classified into two groups, radiative and nonradiative.
Radiative recombination is the radiative transition of an electron in the conduction
band to an empty state (hole) in the valence band. The optical processes associated
with radiative transitions are (i) spontaneous emission, (ii) absorption, and (iii) stim-
ulated emission. Stimulated emission, in which the emitted photon has exactly the
same energy and momentum as the incident photon, forms the basis for laser action.
Nonradiative recombination of an electron-hole pair, as the name implies, is char-
acterized by the absence of a photon emission in the recombination process. The
parameters like temperature, carrier concentration and carrier life time have signif-
icant effect on nonradiative recombination. Carrier leakage is also an important
phenomenon which reduces the carriers in active region to recombine radiatively.
A semiconductor laser is electrically pumped using a forward-biased p-n diode
structure, and charge carriers injected into a thin layer of active region provide the
optical gain. Cleaved facets of the semiconductor gain medium provide sufficient
optical feedback for lasing. The laser threshold is reached when the injected current
density J reaches a critical value Jth at which gain is enough to overcome the cavity
losses. Further increase in carrier density produces light by stimulated emission.
In spite of some generic similarity among lasers, a semiconductor laser differs from
other lasers in terms of its operation [28, 29].
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In Section 2.2 we will discuss the different radiative mechanisms in a semicon-
ductor material including stimulated emission and absorption or gain. This section
will also discuss briefly the quantum well (QW) as a gain medium. Section 2.3 con-
siders a simple Fabry-Perot cavity diode laser to obtain threshold condition for a
semiconductor laser and discusses important concepts such as the threshold current,
the differential quantum efficiency and output power. Nonradiative recombination
like Auger effect is very dominant in long wavelength devices, the detail of which is
given in Section 2.4. Section 2.5 considers the contribution of carrier leakage current.
Finally, in section 2.6 we discuss the temperature dependence of threshold current.
2.2 Radiative recombination
In a semiconductor band structure there is a region with no available energy states
for electrons. This region is called bandgap and forms because electrons in a crystal
are not free. Electrons are trapped in the crystal potential of the lattice [29]. Below
the bandgap is a valence band (Ev) and above is a conduction band (Ec) and both
have energy states for electrons and holes. Valence band further consists of three
bands called light hole (LH), heavy hole (HH) and split-off (SO) valence bands as
shown in Fig. 2.1.
Naturally, the valence band is filled with electrons while there are only few ther-
mally excited electrons in the conduction band as shown in Fig. 2.1. Eg is defined
by the energy difference between the lowest point in the conduction band and the
highest point in the valence band. For III-V semiconductors the band gap values
at room temperature range from 0.18 eV, for indium antimonide, to a few electron
volts, 3.4 eV, for GaN [30].
There are two kinds of bandgaps: direct and indirect. The k -vector represents the
crystal momentum associated with electrons in the crystal lattice, and in Fig. 2.1a,
we notice that both the conduction and valence bands have their minimum and
maximum points at the same value of k and this is a direct bandgap case. In
Fig. 2.1b, the conduction and valence band peaks are at different k -vector values,
which makes it an indirect bandgap. Most of the III-V semiconductors - for example
GaAs, InP, and GaSb - are direct bandgap materials. The elemental semiconductors
silicon and germanium have an indirect bandgap.
In semiconductor material the Fermi energy Ef is defined as the energy of the
6
(a) (b)
Figure 2.1: Energy versus wave-vector diagram, showing schematically the one
conduction and three valence bands i.e. heavy-hole band, light-hole band and split-
off band (a) direct-band-gap semiconductor where conduction and valence band-edges
have same k value (b) indirect-band-gap semiconductor where conduction and valence
band-edges are separated by distance ∆k
topmost filled level in the ground state of electron system and at 0 K all the orbitals
with energies lower than Fermi energy are filled. If excess electrons and holes are
created in a semiconductor, the electron and hole occupation can be described by
the use of quasi-Fermi levels Efc and Efv for conduction and valence band. Where
E2 and E1 are energies of electrons and holes in conduction and valence band. E∆
in Fig. 2.1 is the energy difference between the edge of SO band and edge of valence
band. The role of E∆ in nonradiative recombination would be discussed in the
Section 2.4.
In a semiconductor laser, the processes associated with the band-to-band radia-
tive recombination of electron-hole pairs are optical absorption or gain, spontaneous
emission and stimulated emission.
2.2.1 Light absorption
In thermal equilibrium, when a photon of energy greater than the band gap passes
through a direct-band-gap semiconductor (e.g., GaAs, InP, or GaSb), the photon
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has a high probability of being absorbed, giving its energy to an electron in the
valence band, thereby raising the electron to the conduction band. So, in the case
of absorption, the energy of the photon,E = hυ = Ec + Ev + Eg, is transferred to
an electron, elevating it from valence band state E1 to conduction band state E2 as
shown in Fig. 2.2a.
In the case of a semiconductor a photon is not absorbed unless it is sufficiently
energetic to excite the electron over the bandgap from valence band to the conduction
band. Materials with large bandgap are transparent to electromagnetic radiation
with photon energy less than the bandgap energy.
(a) Radiative absorption (b) Stimulated emission
(c) Spontaneous emission
Figure 2.2: Band-to-band radiative transitions
2.2.2 Optical gain in active region
In the Fig. 2.2b, the incoming photon stimulates the electron in conduction band to
emit energy in the form of a new photon, lowering it from conduction band state to
a valence band state. The emitted photon has same energy, frequency and direction
of propagation as incident photon. This stimulated emission forms the basis of
laser [31, 32].
The likelihood of stimulated emission is greater than absorption if there are more
electrons in conduction band than valence band. This is called inversion condition.
In this case the light wave intensity exponentially grows in material. If the rate
of stimulated emission becomes greater than the absorption rate then a net optical
gain g is produced in semiconductor material.
8
2.2.2.1 Effect of carrier density and temperature on Gain
In a semiconductor active material there is a large density of both electrons and
holes. The mutual interactions between these particles are generally referred to
as many-body effects [31]. This effect occurs at high carrier densities and causes
bandgap shrinkage. The net effect of bandgap shrinkage is that as carrier density
increases, the entire gain spectrum redshifts. This redshift is accompanied by a
distortion of spectrum. As the carrier density increases enough the effect of carrier-
induced bandgap shrinkage starts decreasing, because when carrier density is large
the carriers penetrate outside the wall [33].
As the carrier density increases more, carriers start distributing towards the
higher sublevels due to band-filling and emission wavelength jumps to the short side
corresponding to the energy of higher sublevels. An increase in carrier density at
this point broadens the gain spectrum and gain peak shifts toward the high energy
side due to band-filling effect [33]. At high carrier density band-filling effect exceeds
the band-shrinkage effect and we observe blue shift in gain spectrum.
Gain is lower at higher temperature for the same injected carrier density because
at higher temperature the carriers are distributed over wide energy range. The
temperature affects the distribution of electrons and holes in the conduction and
valence through Fermi factors. So, more injected carriers are required to achieve the
same gain at high temperature.
2.2.3 Spontaneous and amplified spontaneous emission
In spontaneous emission process, an electron in the conduction band E2 combines
naturally with a hole in valence band E1 emitting a photon of energy E = hυ as
shown in Fig. 2.2c. The spontaneous emission spectrum is what we see in free space.
It acts as a source term for ASE spectrum.
Injected carrier concentration affects the position of spontaneous emission spec-
trum. With increasing carrier concentration the spontaneous emission spectrum
shifts to lower energies, longer wavelength, due to bandgap shrinkage [33]. The
width of emission spectrum increases with increasing carrier concentration as a re-
sult of band-tail states produced due to high carrier concentration [32].
The temperature increase due to self-heating and recombination heat broaden
the Fermi distribution which increases the occupation probability for higher energy
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states causing blue shift due to band-filling. Results have also shown that an increase
in temperature can also leads to bandgap narrowing and in turn to a red shift of the
emission spectrum [34].
ASE spectrum can be obtained directly from the spontaneous emission and op-
tical gain gain spectrum [34]. Like spontaneous emission spectra, various physical
mechanisms shift the ASE spectra, e.g. band-filling, bandgap narrowing and self-
heating.
2.2.4 Quantum well as an active region
In a bulk semiconductor, which is a thick layer of single material, the electron
densities of states are continuous within both the valence and conduction bands,
and the conduction band electrons are free to move in the three-dimensional lattice.
In order to maximize light absorption or emission in semiconductor, it is beneficial
to confine the electrons to thin a region in a crystal, for which one or more quantum
wells (QW) can be used. In the QW region the energy levels are quantized.
Bandgap
region
E
c
E
v
E
g(QW) E1
E
g(barrier)
Figure 2.3: QW energy bandgap diagram, where Eg(QW ) is the QW energy
bandgap and Eg(barrier) is the barrier energy bandgap. The horizontal dimension
represents the physical length of the semiconductor layers, perpendicular to the sur-
face.
QW is typically a 5 − 20 nm thick potential well made which is material with
narrower bandgap than the surrounding materials. The barriers around the quantum
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well confine electrons and holes within a thin layer of QW. As Fig. 2.3 shows, the
transition energy related to electron-hole pair recombination is larger than the QW
material’s bandgap energy, because the energy state quantization elevates even the
ground level to a higher energy value. The quantization of energy levels also leads to
narrower emission spectra than in bulk materials. QW structure is used to achieve
higher gain than a bulk active region [31].
The hole confinement in the valence band is often not as strong as the electron
confinement in the conduction band due to much lower potential barriers around
them due the composition of band structures of many III-V semiconductors. QW
materials used in this thesis are AlGaAsSb barriers around an InGaSb QW.
Another advantage of using QWs is that the emission wavelength can be tuned by
varying the QW thickness. Calculation of the discrete energy levels using Schro¨dinger
equation shows that the thicker the well, the lower the energy levels, and therefore
the higher the emission wavelength [35].
2.3 Fabry-Perot cavity diode laser
Semiconductor gain can be amplified when a gain medium is placed inside a cavity,
as shown Fig. 2.4, to provide feedback. The light inside the cavity is reflected from
the mirrors and gets amplified after each round trip inside the cavity. Ideally, one
of the mirrors has 100% reflection and other is semitransparent to get the light at
the output. Such kind of a cavity is called Fabry-Pe´rot cavity.
The laser threshold is obtained when the modal gain gmod, which increases with
the injected carrier concentration N , becomes equal to the total optical losses αtotal
[31, 32]:
gmod = Γgth = αtotal = αint + αm, (2.1)
where Γ is the optical confinement factor, which is the ratio of the optical field
confined within the gain region to the overall optical field, gth is the maximum gain
for an injected carrier concentration N , αint accounts for the internal losses and
αm =
1
L
ln(
1
R1R2
) (2.2)
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Figure 2.4: Schematic illustration of a Fabry-Perot (FP) cavity.
is the mirror loss responsible for radiation escaping from the FP cavity.
The above mentioned threshold condition is satisfied for a discrete set of frequen-
cies given as,
υm = mc/2nL, (2.3)
where m is an integer and υm is cavity-resonance frequency, is the frequency of mth
longitudinal mode of an FP cavity of the optical length nL. Therefore, the laser
oscillates at a frequency that coincides with the a longitudinal mode supported by
FP cavity. Thus, when the threshold condition in Eq. (2.1) is satisfied then laser
emits the light at wavelength given by Eq. (2.3) as demonstrated by Fig. 2.4. A FP
cavity contains many longitudinal modes as shown in Fig. 2.5, but only those modes
can lase for which gain equals to the total optical losses.
2.3.1 Threshold current and output power
For a semiconductor laser, carrier and photon density rate equations can be written
as [31],
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Figure 2.5: Schematic illustration of the gain profile and longitudinal modes of
a semiconductor laser. For the lasing mode in the vicinity of the gain peak, the
threshold is reached when gain equals loss.
dN
dt
=
ηiI
qV
−
N
τ
− υggNp, (2.4a)
dNp
dt
= ΓυggNp + ΓβspRsp −
Np
τp
, (2.4b)
These equations are two coupled equations that can be solved for the steady-state
and dynamic response of a diode laser. In the above equations, ηi is the internal
quantum efficiency defined as the fraction of injected carriers converted into photons,
I is the current applied to laser terminals, q is the electric charge, V is the volume
of active region, τ is the carrier lifetime, υg is the group velocity, Np is the photon
density, τp is the cavity photon loss time, βsp is the spontaneous emission factor and
Rsp is the spontaneous photon generation rate.
The first term in Eq. (2.4a) indicates the rate of injected carriers in the active
region, the second term shows the natural decay rate of carriers in the absence stim-
ulated emission and third term is the rate of stimulated electron-hole recombination
which is neglected for LEDs.
The different contributions to the injected current are the spontaneous recombi-
nation, stimulated recombination and the non-radiative recombinations:
J = qd(BN2 + AN + CN3 +RstNph), (2.5)
13
where d is thickness of the active region, BN2 is due to spontaneous radiative
recombination, AN is due to non-radiative recombination at defects and traps, CN3
represents nonradiative Auger effect and last term is due to stimulated recombina-
tion.
2.3.1.1 Light-current characteristics
To obtain the output power of a diode laser above threshold, steady state carrier
rate Eq. (2.4a) (dN/dt = 0) is solved below threshold (Rst ≈ 0). That is,
ηiI
qV
=
N
τ
= BN2 + (AN + CN3). (2.6)
Now, the below threshold steady-state carrier rate equation almost at threshold is
ηiIth
qV
=
Nth
τ
= BN2th + (ANth + CN
3
th). (2.7)
By substituting the Eq. (2.7) into carrier rate Eq. (2.4a) one can calculate a steady-
state photon density above threshold that is [31],
Np =
ηi(I − Ith)
qυggthV
, (2.8)
Since the photon escape rate out of the laser cavity is υgαm, the power emitted by
a diode laser above threshold is,
Pout = ηd
hυ
q
(I − Ith), (2.9)
where hυ is the energy per photon and ηd is the differential quantum efficiency
defined as the number of photons out per electron in and written as,
ηd = ηi
αm
αint + αm
, (2.10)
The differential quantum efficiency is directly proportional to the slope of L − I
curve above threshold, i.e.,
ηd =
2q
hυ
dPout
dI
, (2.11)
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Eq. (2.9) represents the total power out of both mirrors of FP cavity. If the mirrors
have equal reflectivity, then exactly half will be emitted out of each. Eq. (2.9) also
shows that the output power above threshold is a linear function of current above
threshold provided that the gain, the internal efficiency, the confinement factor, and
the cavity losses remain constant.
The threshold current required for a semiconductor laser can be expressed as [31],
Ith =
qV BN2tr
ηi
exp[2(αint + αm)/Γg0], (2.12)
where Ntr is the transparency carrier density, at which gain and absorption is zero,
and g0 is the gain coefficient. The above equation shows that the threshold current
depends strongly on the total optical losses, mode confinement factor and gain co-
efficient. Effect of these factors on the threshold current will be discussed in the
subsequent sections.
2.4 Non-radiative recombination
Electrons and holes in a semiconductor can also recombine nonradiatively. Nonradia-
tive mechanisms include recombination at defects, surface recombination, and Auger
recombination, among others. For long-wavelength semiconductor lasers, however,
the Auger process is generally the dominant nonradiative mechanism [36]. There
are different types of Auger recombination processes but the most dominant in long-
wavelength lasers is band-to-band process. In this process, a collision between two
electrons which knocks one electron down to the valence band and other to a higher
energy state in the conduction band. The high energy electron eventually thermal-
izes back down to the bottom of conduction band, releasing the excess energy as
heat to the crystal lattice. Similarly, collision can occur between two holes in the
heavy hole band; in this case, the hole which is knocked deeper into the valence
band is transferred to either the split-off or light-hole band.
There are three types of Auger processes CCCH, CHHS and CHHL. These are
shown in Fig. 2.6. Where C stands for the conduction band and H, L, and S stand
for heavy-hole, light-hole, and split-off valence bands, respectively. As shown in
Fig. 2.6a, CCCH process leads to the generation of an electron in conduction band
where CHHS and CHHL generate a hole in SO and LH band.
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(a) CCCH process (b) CHHS process (c) CHHL process
Figure 2.6: Band-to-band Auger process.
Nonradiative recombination decreases the carrier density that can contribute to
the laser output power. Thus differential efficiency is reduced. Because Auger pro-
cesses depend on the carrier collision, the Auger recombination rate, RA = CN
3,
should increase rapidly as carrier density increases [37, 38]. CCCH process involves
three electron states and one heavy hole state, and hence expected to become impor-
tant when the electron density is high. The CHHS and CHHL processes involve one
electron state, two heavy-hole states, and one split-off or light-hole state. Thus, they
are expected to become important when the hole hole density is high. In the lasers,
electron and hole densities in the active region are equal implying that all three pro-
cesses are important. Furthermore, for a given electron and hole density, the prob-
ability of Auger recombination increases exponentially with temperature [31,37,38].
The temperature dependence of the Auger coefficient C is [39]
C(T ) = C(300K)exp
[(
−Ea
k
)(
1
T
−
1
300
])
(2.13)
where Ea is the activation energy for Auger recombination and k is the Boltzmann
constant.
The Auger recombination rate is also strongly dependent on the bandgap of
material and increases with decrease in bandgap [37, 38]. For CCCH process, the
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presence of holes at state 3, in Fig. 2.6a, is greatly enhanced for the smaller bandgap
material which allows higher Auger transition rate for the same carrier density. The
two initial electron states 1 and 2, in Fig. 2.6a, are closer to the band edge in the
smaller-bandgap material, further enhancing the RA, since at finite temperatures
more electrons are found there. The Auger transitions increases exponentially as
the bandgap is decreased [31].
In the case of the CCCH process, the activation energy for bulk narrow-gap III-
V materials is low and hence C is very large. While QWs tend to have a small
Auger coefficient C [40]. The CHHL Auger process appears at longer wavelengths
where Eg < E∆. Similarly, the CHHS type Auger effect decreases sharply and the
CHCC process predominates over others at the longer wavelengths where Eg < E∆.
For mid-IR antimonide based lasers, λ > 1.8µm, where E∆ is larger than Eg, the
CHHS process can no longer occur [41]. Thus, CCCH and CHHL Auger processes
are dominant in mid-IR light emitting devices.
2.4.1 Nonradiative threshold current
The non-radiative Auger recommendation increases the threshold current by an
amount given by [31],
Inrth =
qV CN3th
ηi
exp[3(αint + αm)/Γg0], (2.14)
The cubic dependence on Nth shows that the Auger process gives the major contri-
bution to the total threshold current density [39].
Thus, nonradiative Auger recombination adds an additional factor, Inrth, to both
threshold current and current above threshold. That means, in the presence of
nonradiative Auger recombination more current is needed at threshold and above
threshold to achieve the same output power. On the other hand, the increase in cur-
rent density to overcome the non-radiative recombination causes self-heating which
further increases the Auger effect.
2.5 Carrier leakage over heterojunction
Heterojunction carrier leakage or thermionic emission is caused by diffusion and drift
of electrons and holes from the edges of the active region to the cladding layers, and
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is schematically shown in Fig. 2.7. The number of electrons and holes with energy
greater than conduction and valence band barrier height ∆Ec and ∆Ev increases
rapidly with increasing temperature [32].
The carrier leakage can be a major carrier-loss mechanism at high temperatures,
especially for low heterojunction-barrier heights. Carrier leakage from the active
region influences both threshold current and internal efficiency of a semiconductor
laser [42, 43].
In quantum well lasers, the active region is restricted to quantum well only. So,
Figure 2.7: Schematic diagram for carrier leakage from active region (QW) into
cladding layer.
carriers can leak into waveguiding layers as well as leaking out of the entire waveguide
region into the doped cladding layers. Thermal excitation of holes from the quantum
wells into the waveguide, where they recombine, limits the CW room-temperature
output power [44] of a diode laser.
2.6 Temperature dependence of device performance
In this section we address the important issue of the high-temperature performance
of semiconductor lasers. The high temperature sensitivity of the threshold current
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of diode lasers limits their performance under high-temperature operation.
2.6.0.1 Temperature dependence of drive current
Both the operating current and nonradiative threshold current, Eq. (2.11), have a
significant dependence on temperature. The internal efficiency in Eq. (2.11) can
decrease at higher temperature due to leakage currents, so more charge carriers are
required to achieve threshold condition which causes inverse dependence of internal
efficiency on temperature. The gain is also reduced at high temperature. The main
cause of this is the spreading of charge carriers in conduction and valence band over
a large energy range . The increased internal loss results from the required higher
carrier densities for threshold. Eq. (2.11) shows that both the gain and internal
loss results in an exponential temperature dependence of the threshold current. The
additional nonradiative threshold component such as Eq. (2.14) introduces further
temperature dependencies.
At elevated temperatures, however, the carrier density N , required to provide
the threshold gain, is increased due to the broadening of the Fermi-function. As the
Auger-recombination rate exhibits a cubic dependence on the carrier density, the
increase in N has the most pronounced effect on this loss mechanism, leading to
a strong increase of the threshold current at higher temperatures. Both the Auger
coefficient C and carrier leakage rate have exponential dependence on temperatures.
Thus, Auger recombination and carrier leakage both contribute additional exponen-
tial increase in the threshold current. The threshold dependence on temperature
has been modeled by [26]
Ith (T ) = Ith0exp
(
T
T0
)
, (2.15)
where T0 characterizes the temperature dependence of the threshold current density
and Ith0 is the threshold current at 300K. The above-threshold current require
to obtain a desired output is also temperature dependent, although dependence is
smaller than for the threshold. This dependence results from a reduction in the
differential quantum efficiency due to increase in αi as well as drop in ηi at high
temperature. A lower To value implies that the threshold current increases more
rapidly with increasing temperature. Generally, a high To is desired for low threshold
current and temperature insensitive device operation.
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2.6.0.2 Effect of multiple quantum wells (MQW) on temperature stabil-
ity
Number of quantum wells have a significant effect on threshold current and charac-
teristic temperature. The lowest threshold current density Jth can be achieved with
a single-QW (SQW) laser [20] because the modal gain at threshold is high for a SQW
active region as compared to MWQs [31]. But the drawback of a SQW-device is the
higher temperature sensitivity of the threshold current due to high carrier density
in a SQW. On the other hand, the MWQ lasers have higher temperature stability
because reduced carrier density in the QWs leads to a reduced Auger recombination
and internal losses [21].
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Chapter III
Design of a superluminescent diode
3.1 Introduction
A superluminescent diode (SLD) operates below the laser threshold regime to pro-
duce an amplified spontaneous emission (ASE) power. An SLD is a semiconductor
optical amplifier, in which a weak spontaneous emission into the waveguide is fol-
lowed by a strong stimulated amplification [45]. Therefore, superluminescence occurs
when the spontaneous emission is amplified during the single pass along the cavity.
Some numerical models and designs have been developed by researchers to an-
alyze the performance of a SLD [9, 34]. These designs are helpful to operate the
SLD at optimum parameters like facet reflections of cavity and optical gain. Differ-
ent designs of a SLD are intended to achieve high power and broadband emission
operation.
This chapter is organized as follows. In Section 3.2 we will discuss the gain
behavior in a SLD diode that determines important properties of the device. In
the next Section 3.3 we will present a design equation for a SLD. The next Section
3.4 will be all about the different techniques and waveguide designs to obtain a
superluminescence operation.
3.2 Optical gain in superluminescent diode
The output light from a SLD is the amplified spontaneous emission (ASE) spectrum
from electron-hole recombinations across the bandgap of one or more QWs in a
double-heterojunction semiconductor diode structure. When the stimulated emis-
sion exceeds absorption then semiconductor material exhibits a net gain. At this
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point device acts as a semiconductor optical amplifier (SOA) exhibiting a single-pass
optical gain Gs given as [46],
Gs = exp [(Γg − α)L] (3.1)
An amplifier can be made into a laser by providing cavity feedback as already
discussed in the Section 2.3. The facet reflection causes the feedback gain G to be
different from single-pass gain Gs. If the front and back facet reflections are R1, and
R2 respectively, then feedback gain for light output at the facet R1 is given by,
G =
HGs
1 +K2 − 2Kcos2βL
(3.2)
where,
H =
(
1−
√
R1
)2 (
1 +
√
R2
)2
, K =
√
R1R2Gs, β =
2πne
λ
(3.3)
and β is the phase propagation constant in the active region, ne is the effective index
of active and K is an imporant parameter to design a SLD. The lasing in the cavity
occurs when the feedback gain reaches infinity for the value of K = 1.
The ideal SLD is one for which K ≈ 0, which can be achieved when R1 = R2 ≈ 0
or in other words the cavity mirror losses are very high to suppress the cavity-
feedback. Therefore, the large value of losses on the right side of Eq. (2.1) allows
to increase the optical gain, by increasing current, of FP cavity without satisfying
the threshold condition. In this way we can achieve very high optical gain g and
single-pass gain Gs in a SLD. According to Eq. (3.1), a high single pass gain can
be achieved by increasing the current density and/or length of active region. It has
been demonstrated that long cavity length is desirable for obtaining high-power SLD
operation [47], which requires high operating current.
Even below the lasing threshold the output spectrum has still some spectral
modulations due to residual facet reflections [48]. These spectral modulations can
be explained when K < 1, then gain in Eq. (3.2) undergoes a series of maxima and
minima as a function of wavelength. These variations in the gain are characterized
by spectral modulation ms or gain ripple, given by
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ms =
Gmax −Gmin
Gmax +Gmin
=
2K
1 +K2
. (3.4)
Spectral modulations are not desirable during the operation of a SLD. These spectral
modulations can be reduced my lowering residual reflections from cavity facets of a
SLD [9].
3.3 Operation requirement of a SLD
For a SLD having a non-negligible reflections from cavity facets, the power at the
front facet with reflectivity R1 is given by [46]
P0 =
(Gs − 1)(1−R1)(R2Gs + 1)
1 +K2 − 2Kcos(2βL)
= Psp
(Gs − 1)(R2Gs + 1)
Gs(1− R2)
G (3.5)
where Psp is the guided component of spontaneous emission.
To achieve a high single pass gain Gs >> 1 and low spectral modulation (K <<
1), the design conditions for SLDs can be obtained by putting the value of K in
Eq. (3.4). The design conditions for a SLD can be written as:
√
R1R2 ≈
ms
2Gs
, Gs >> 1 (3.6)
From the above design equation of a SLD, two design cases are produced: The
single-pass case where both R1 and R2 are negligible to satisfy Eq. (3.6) [49], and
the double-pass case where one of reflectances, R2 is not negligible, but R1 is small
enough to satisfy Eq. (3.6) [9, 27].
In a single-pass case, as shown in Fig. 3.1a and Fig. 3.2b, the output power
obtained by using Eq. (3.5) and Eq. (3.2) is given by,
P0 = Psp(Gs − 1) ≈ PspGs. (3.7)
The above output power is same from both the facets of a single pass SLD.
In a double-pass case, as shown in Fig. 3.1b, one of the ends of waveguide is
curved to obtain negligible reflectance R1 whereas the other end with reflectance
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Figure 3.1: Waveguide geometries for single- and double-pass. (a) Straight waveg-
uide SLD with AR coatings on both facets (b) Bent waveguide SLD with high reflec-
tion on rear facet, R2, and negligible reflection on front facet, R1. AR= Anti-reflection
coating, L =length of RWG, w= width of RWG, β = bent angle, L3 = length bent
section, L2 = length of straight waveguide in bent SLD
R2 is perpendicular to the facet to have a nonzero reflectance. The light traveling
towards the back-facet is reflected and undergoes further amplification. The output
power obtained by using Eq. (3.5) and Eq. (3.2) for the facet with reflectance R1 is,
P0 = Psp(Gs − 1)(R2Gs + 1) ≈ PspR2G
2
s (3.8)
whereas from the other facet this power is very low, obtained from Eq. (3.8) by
replacing R2 by R1.
From Eq. (3.1), Eq. (3.7) and Eq. (3.8) the output power has exponential on the
optical gain. Also, the output power of the single-pass device is proportional to the
single-pass gain, whereas for the double-pass device it is proportional to the square
of the gain. We will further discuss the details of a double pass device in section
3.4.5
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3.4 Waveguide designs for low facet reactivities
There are many approaches to eliminate the cavity feedback in SLDs. They are
mainly based on increased waveguide and mirror losses of the device, to prevent
lasing. Different waveguide design of a SLD are discussed in the following sections.
3.4.1 Anti-reflection coating
The simplest way to make a SLD is to cover the facets of a LD with a high quality
anti-reflection (AR) coatings as shown in Fig. 3.1a. A simple single layer dielectric
coating with a thickness of λ/4n and index n = n
1/2
m can be used to create a perfect
AR coating, where nm is the index of semiconductor material. Such an AR coating
provides reflectivity as low as 10−4 only in a small range of wavelengths [8].
According to study [9], a broadband reflectivity of the order of 10−5 or less is
required to manufacture high-quality SLDs. A very low reflectivity for a long range
of wavelengths can be achieved by using multiple AR coatings, but this requires a
complex deposition method, which increases the difficulty of device fabrication and
becomes costly.
3.4.2 Passive absorption
Another method is based on the introduction of highly absorptive region into the
resonator as shown in Fig. 3.2a. In this approach, the resonator is divided into two
sections, one having electrical contacts over the waveguide which acts as a active
part to generate light and the second with passive absorber region which absorbs
light traveling towards the rear facet of the device [10]. This technique is also
referred as beam-dump. It has been shown, that a passive absorber technique for a
straight ridge waveguide is not capable of completely suppressing the oscillations of
the light [10].
3.4.3 Waveguide tilting
An alternative approach is tilting the ridge waveguide shown in Fig. 3.2b, where
the axis of waveguide is not perpendicular [49]. If light approaches the facet with
inclined direction the reflectivity is decreased. This mechanism is the result of Fres-
nel reflection losses and interference of incident and reflected light. The reflectivity
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Figure 3.2: Waveguide geometries to suppress lasing with (a) passive absorption
on rear facet and active RWG on front facet (b) tilted RWG (c) tapered and passive
absorption (d) tilted RWG, tapered and passive absorption technique. L4= length of
active RWG in beam dump geometry, L5 ∼= L7 = length of passive absorption section,
L6= length of straight active RWG in tapered-passive absorptive geometry , t= taper
length and w2 = width of taper end.
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strongly depends on the angle, α, between the axis of the waveguide and normal to
the facet. This angle is optimized for a better performance of SLD [48, 49].
3.4.4 Device optimization
According to Eq. (3.1) and Eq. (3.7), high power operation of SLD requires high
current densities and large waveguide length. As the optical power depends expo-
nentially on these parameters. Operating at high current densities besides of optical
power increase leads to stronger spectral modulation and their depth increases with
current [26]. At high current, the emission spectrum is superimposed by longitudinal
cavity modes and if the current is high enough, the SLD starts to lase because the
higher gain compensates the loss inside the cavity [10].
According to Eq. (2.12), the lasing threshold current depends exponentially on
the mirror loss: Ith ∼= exp [(αi + αm/(Γg0))]. From this point of view, lasing thresh-
old is the upper current limit for a device to operate in a superluminescence mode.
Therefore SLD is designed to exhibit higher lasing threshold current densities, which
allows emitting larger optical powers [10].
The reduction of spectral modulation depth is a paramount for operating SLDs
at higher currents while preserving optimum spectrum quality. We can optimize
the device geometries based on tilted waveguide by changing its tilt angle α. The
reflectivity of the facet for a tilt waveguide can be described by the following relation
[9]:
R = Rf(α)
∣∣∣∫ +∞−∞ EiE∗rdx
∣∣∣2∫ +∞
−∞
|Ei|
2 dx
∫ +∞
−∞
|Er|
2 dx
, (3.9)
where Rf(α) is the reflection coefficient calculated from the Fresnel equations, Ei is
the electric field incident on the facet, Er is the field reflected from the facet and E
∗
r
is the complex conjugate of Er. The integration is done over the whole facet and
the Ei and Erterms are described by piecewise functions. The thorough description
of such calculation process can be found in [50, 51].
The theory shows, that by fabricating the waveguide with the proper angle α,
one could achieve facet reflectivity of about 10−5 [50]. Calculations have shown
that reflectivity does not decrease monotonically with angle but at first decrease
is slow then goes rapidly to a minimum at a specific angle, then goes to a series
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of decreasing maxima and minima with increasing angle. The angle α at which
reflectivity is minimum depends on both lateral step index and the stripe width [9,48].
Experimental results have confirmed the strong dependence of the modulation depth
on α and effect of waveguide width on reflectivity minima [48]. The regions of low
modulations correspond to the angle α of minimum reflectivity. An AR coating can
be used for a tilted waveguide device to further reduce the reflectivity. Its important
to note that the external output angle is larger than stripe angle in accordance with
Snell’s law and too large angle would make external coupling difficult.
For a GaSb based material system, a tilt angle in the range of 6− 7.50 has been
used for 2− 2.4µm emission wavelength [52].
3.4.5 Bent waveguide
A bent or j-shape waveguide SLD, shown in Fig. 3.1b is a double-pass device de-
scribed in section 3.3. This particular design consists of two sections of waveguides.
The first, at one side of facet called rear facet, has a straight waveguide like in a
LD, whereas the output facet part is curved and the waveguide axis at this end is
inclined at a tilt angle β. This tilt angle is same as discussed in section 3.4.3.
The advantage of such a geometry is that light emitted backwards, towards
the rear facet, is reflected back to the waveguide and travels twice the distance as
compared to front-facet propagating wave. Therefore, the amplification of light and
the output power should be larger as shown in Eq. (3.8). Thus, the double-pass SLD
is much more efficient than the single-pass SLD, allowing the use of shorter device
length and/or lower drive current to obtain a same output power [11]. However,
if the rear-facet has a high modal reflectivity, the formation of longitudinal cavity
modes is enhanced and device tends to lase. As a consequence, the reflectivity of
the out-couple facet needs to be reduced correspondingly.
The design for a tilt angle in bent waveguide SLD is similar to tilt waveguide
design discussed in last section but it requires further optimization for bent losses
which requires detail study to optimize a bent radius [53].
3.4.6 Tapered-passive absorption
It is also possible to combine more than one methods mentioned above to improve
the performance parameters of device as shown in Fig. 3.2c and Fig. 3.2d. Waveguide
structures similar to exponential tapered waveguide followed by a passive absorption
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section has been used to achieve high output powers [54,55]. Exponentially tapered
stripe reduces the photon density at the front edge of the waveguide, which sup-
presses the reduction of the gain at high output power. Passive absorptive section
further increase of the output power free from the lasing actions.
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Chapter IV
Gallium antimonide material system
4.1 Introduction
Semiconductors are the foundation of modern electronics and optoelctronic. Elec-
tronic and optoelectronic components such as transistors and laser diodes are made
of semiconductor materials, and they are crucial to almost any electronic and opto-
electroic device. Semiconductors can be either elemental or compound semiconduc-
tors. The elemental semiconductors are silicon and germanium. There are dozens of
different compound semiconductors being used in industry and studied in the field
of materials science. This thesis will focus on GaSb and related binary, ternary and
quaternary compound materials [4].
Compound semiconductors are classified according to the periodic table groups
of their constituent atoms. Gallium, a group III atom, and antimony, a group V
atom, form a III-V semiconductor called gallium antimonide, or GaSb. In a similar
fashion, there are other III-V semiconductors and II-VI and IV-IV semiconductors,
and also some more complex compounds. Compound semiconductors are not limited
to just two elements, however. For example, InGaSb, InGaAsSb and AlGaAsSb are
ternary and quaternary antimonide materials being widely used in mid-IR diode
lasers [17, 18].
This chapter will review the III-antimonide materials used in this thesis work
by starting a discussion from lattice structure in section 4.2. In section 4.3 and 4.4,
we will discuss the composition of active and barrier layers used in laser structure.
Finally, in section 4.5 we will discuss the separate confinement heterostructure (SCH)
layer.
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4.2 Lattice structure
Semiconductors have a periodic crystal structure which repeats itself throughout
the solid. Such a structure is called a lattice. Most of III-V semiconductors have a
zincblende structure which is face-centered cubic (fcc). This structure is formed by
adding an extra atom at a distance of a/4 + b/4 + c/4 from each of the fcc atoms,
where a, b, and c are the vectors of fcc cube. The Fig. 4.1 depicts a zincblende
structure of GaSb where each of antimony atoms bind with their four nearest gallium
atoms.
Figure 4.1: Zincblende structure of GaSb.
The lattice constant a is the length of a side in a cubic unit cell which is same
for all three dimensions. This parameter has a significant role during the epitaxial
growth of materials on a monocrystalline substrate. The growth of a new material
on substrate should adopt the the crystal structure from the substrate or it has same
lattice constant as substrate material.
4.2.1 Heterostructures
When a material with a similar crystal structure to that of substrate is grown on
the top of a substrate, it will have a same structure as substrate. But, usually there
are different material layers in a single semiconductor structure, resulting in a het-
erostructure, and the only way to maintain the monocrystallinity is to use materials
with lattice constants equal or close to that of the substrate. Very thin layers of
31
lattice-mismatched material can be grown successfully, but when the thickness of
such a layer exceeds critical thickness hc, the accumulated strain in the crystal will
break the crystal symmetry, leading to formation of misfit dislocation defects, which
deteriorate the performance of the structure.
Critical thickness depends on the elastic properties of the materials the het-
erostructure is composed of, but it is determined mostly by the amount of lattice
mismatch. If there is a large difference between lattice constant of materials grown
then the value of critical thickness will be low [56].
4.2.2 Strained quantum well layers
In heterostructure, the material grown on substrate with a different lattice constant
has also a different-sized unit cell. When these materials are grown on the top of
substrate, their unit cells will either elongate due to compressive strain or flatten
due to tensile strain, depending on whether they are larger or smaller compared
to the substrate. This concept is shown in Fig. 4.2 The strain increases for each
(a) No strain (b) Compressive strain (c) Tensile strain
Figure 4.2: Two-dimensional schematic of epitaxial layer unit cell shape change
due to strain if its lattice constant differs from the substrate lattice constant.
additional layer of lattice-mismatched material, and beyond the critical thickness hc
dislocations start to form.
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A strained layer with thickness below the critical limit can actually affect posi-
tively to the performance of device. For example, strain increases the splitting be-
tween the heavy- and light-hole subbands yielding a reduced Auger coefficient [20].
Other than reduced threshold current and modified bandgaps, strain also increases
the differential gain for semiconductor lasers [17].
4.3 Gallium antimonide and AlGaInAsSb materials used in
this work
GaSb is a direct bandgap semiconductor with zincblende crystal structure and a
lattice constant of 6.0959 A˚. For a bulk antimony, the bandgap of intrinsic GaSb
is Eg = 0.726 eV which gives the photon wavelength of 1.71µm using λph = hc/Eg.
However, the bandgap gets narrower, and thus the wavelength increases, when in-
troducing doping to the crystal [57]. In addition to GaSb, the material layers used
in this work are aluminum gallium arsenide antimonide (AlGaAsSb) and gallium
indium antimonide (GaInSb), with varying fractions of Al versus Ga, Ga versus In
and As versus Sb. The lattice constants and many other properties of antimonide
and arsenide compounds are given in Table. 4.1.
Table 4.1
List of parameters at room temperature for common III-V semiconductors [4].
Substance a(A0) Eg(eV) λph(nm) n
GaSb 6.0959 0.726 1710 3.92
GaAs 5.6533 1.424 870 3.59
AlSb 6.14 1.6 Indirect gap 3.11
AlAs 5.66 2.16 Indirect gap 2.98
InSb 6.479 0.17 700 4.10
InAs 6.0583 0.354 3500 3.72
The quaternary semiconductors like AlGaAsSb are used as a QW barriers, waveg-
uide and cladding layers for lasers used in this work. As we can see from Table.
4.1, the difference between GaSb and AlSb lattice constants is large therefore, the
bandgap engineering of AlGaAsSb layers can be tailored by selecting AlxGa1−x com-
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position, and the lattice matching can be achieved by proper AsySb1−y composition,
where x and y are the group III and V concentrations in the alloys.
For ternary and quaternary compounds, it is possible to calculate the lattice
constant by using Vegard’s law [58]. It is an approximate empirical rule which
states that a lattice constant of an alloy changes linearly with the concentration
of the constituent elements. For ternary and quaternary alloys like InGaSb and
AlGaAsSb, the relationship for lattice constant is:
a(InxGa1−xSb) = (1− x)aGaSb + xaInSb, (4.1)
and
a(AlxGa1−xAsySb1−y) = (1− x)(1 − y)aGaSb + x(1− y)aAlSb
+ (1− x)yaGaAs + xyaAlAs. (4.2)
The group V contents y in AlGaAsSb and InGaAsSb lattice matched to GaSb for
different values of x can be calculated using the following formulas [4]
AlxGa1−xAsySb1−y : y = 0.08x, (4.3)
InxGa1−xAsySb1−y : y = 0.091x, (4.4)
Ternary material bandgap energies can be approximated in a similar way to
lattice constant, except that an additional constant called bowing parameter b is
needed. The bandgap energy for InGaSb as an example, can be calculated from the
following quadratic relation
Eg(InxGa1−xSb) = (1− x)Eg,GaSb + xEg,InSb − Cx(1− x), (4.5)
Bowing parameter is positive for III-V semiconductors therefore the alloy band gap
is smaller than the linear approximation result.
Thus, using Table. 4.1 and Vegard’s law, it is possible to calculate the important
parameters, like lattice constant and bandgap energy, for any material used in this
thesis.
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4.4 Strained InGaAsSb QW
For the wavelength emission around 2µm we used GaInSb QWs. GaInSb grown on
GaSb is always highly strained, because the indium antimonide lattice constant is
much larger than GaSb lattice constant. To extend the emission wavelength beyond
2 µm, the QWs made of InxGa1−xSb cannot be used. So, a practical solution is to use
indium gallium arsenide antimonide (InxGa1−xAsySb1−y) QWs instead. InGaAsSb
is lattice matched to GaSb if the condition y = 0.913x is satisfied [4]. From Table.
4.1, the large lattice constant difference between GaSb and InSb can be significantly
lowered by adding arsenic (InAs) to decrease the InGaSb lattice constant. The
increase in emission wavelength can be achieved inducing strain in QWs [59,60]. This
can be obtained by increasing the indium content and keeping arsenic constant [59]
or increasing the arsenic content and keeping indium fixed [60]. The compressively
strained GaInAsSb is favorable in order to allow sufficient confinement of the holes in
the active QWs [17]. Additionally, compressive strain reduces the threshold carrier
density Nth and increases differential gain dg/dN [61]. A QW is compressive strained
when arsenic content in InGaAsSb is very low.
However, at longer wavelengths , the valence band offset between the active layer
and barrier material decreases, leading to heterobarrier leakage of holes [17]. The
increased As content in the QW of long-wavelength lasers causes this barrier energy
reduction. This is illustrated in Fig. 4.3.
Figure 4.3: InGa(As)Sb QW with high indium content and weak hole confinement.
The decrease in laser performance for longer lasing wavelength has been at-
tributed to increasing heterobarrier leakage of holes rather than to an increase in
Auger recombination [44]. The valence band offset can be increased by adding alu-
minum to the AlGaAsSb barrier and separate confinement layers, thus increasing
the barrier bandgap [21]. However, this method also leads to a decrease in optical
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mode confinement in active region and increase in the operating voltage [62]. So,
by selecting proper In and As concentration, one can tailor the bandgap, Eg, lattice
matching and band alignment independently.
4.5 Separate confinement heterostructure (SCH) layer
The most important optical loss mechanisms for the photons generated in the laser
cavity are the free-carrier absorption and the intervalence band absorption. In the
case of the free-carrier absorption, the photon is absorbed by a free electron or
hole, which is excited to a higher energy state in the conduction or valence band
respectively. Due to momentum conservation, this intraband transition can only
take place with the help of an additional interaction with a phonon or an impurity.
Free carrier absorption, for GaSb, increases strongly with increasing wavelength
proportional to λ3.5 [14,63]. In case of a intervalence band absorption, the absorbed
photon energy excites an electron from a filled state in a lower lying valence band
(split-off band or light hole) to an empty state in a higher (heavy hole band) valence
band (interband transition). Both optical loss mechanisms become high at large free
carrier density [14,64] and they can be collectively called as free-carrier (FC) losses.
In cladding layers, the doping level and thus the free carrier concentration is
very high. Free-carrier absorption can be a dominant loss in cladding layers [65].
It has been shown that dominant losses originate from p-doped layer than n-doped
layers [17]. The reason for high losses in p-cladding is due to the large effective mass
of holes. So, a fraction of optical mode propagating in doped cladding layers can be
reduced by surrounding the QWs with separate confinement heterostructure (SCH)
layers [66]. This can be done by increasing the thickness of waveguides around QWs
beyond certain value where they act as SCH layers [65], as shown in Fig. 4.4. Another
motivation behind the SCH layers might be that a significant amount carrier (hole)
leakage could recombine in the waveguide region to produce radiations.
In addition to SCH, another way to reduce the free carrier absorption, and in-
ternal losses, in cladding is by varying the doping of cladding layer in such a way
that inner portion of cladding layers, towards waveguide, has lower doping than the
outer portion [17]. For the laser structure grown in this thesis work, this has been
accomplished by using a graded cladding layers after the waveguides.
The laser structure fabricated in this work is discussed in detail in the next
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Figure 4.4: Optical mode intensity profile (dashed lines) for three different waveg-
uide thicknesses around QWs to confine the optical mode. In (a), the separate con-
finement heterostructure (SCH) layer thickness is 155nm, (b) has SCH thickness of
400nm and (c) has SCH thickness of 600nm.
chapter.
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Chapter V
Edge-emitting semiconductor lasers
5.1 Introduction
The scope of this chapter is to clarify the main design features and characteristics of
semiconductor laser diodes that are subject to optimization through processing. It
provides a basis for understanding the relationship between the processing and the
device performance.
Generally, speaking all the laser diodes comprised of a gain region and a resonator
to ensure optical feedback. Depending on the way the laser resonator is realized,
it can be a laser emitting in lateral direction, i.e., the edge-emitting laser diode
(EELD), or in the vertical direction, a so-called vertical cavity surface emitting laser
(VCSEL).
Its important for a laser to emit a light in a stable single optical mode to couple
it in a single mode fiber for sensing purposes. In EELD, the mode behavior in the
direction perpendicular to junction plan is determined by epitaxial structure while
in lateral direction, parallel to the junction plane, it can be controlled by device
processing [32].
In this Chapter, Section 5.2 discusses the optical mode in transverse and lat-
eral direction. Section 5.3 and Section 5.4 present the EELD structures for mode
confinement in lateral direction. Finally, Section 5.5 will briefly discuss the far-field.
5.2 Waveguide modes
The light emitted by a laser has a finite transverse dimensions, since it should be
confined in the vicinity of a thin active region, which provides gain for stimulated
38
emission. In semiconductor lasers the output is in the form of a narrow beam with an
elliptic cross section. The field distribution across the beam has certain well-defined
forms, often referred to as the laser modes. A laser mode is the specific solution of
the wave equation
∇2E+ ǫ(x, y)k20E = 0, (5.1)
which satisfies all the boundary conditions imposed by the laser structure [32]. In
the above equation, ∈ is the complex dielectric constant and k0 is the vacuum wave
number. The x-axis is parallel and y-axis is perpendicular to the heterojunction,
and z-axis is the field propagation direction.
5.2.1 Transverse modes
In heterostructure semiconductor lasers the field confinement in the direction perpen-
dicular to junction plan occurs through waveguiding of the epitaxial layers [28, 29].
In vertical direction, the refractive-index variation from active to cladding layers is
responsible for the mode confinement through the total internal reflection.
A double heterostructures semiconductor laser can be made to emit light in a
single vertical mode, perpendicular to junction plan, if the active layer thickness d
is chosen to satisfy the condition
d <
λ
2
(
n22 − n
2
1
)1/2
, (5.2)
where n2 and n1 are the refractive indexes of active region and cladding. For all
guided modes, the inequality n2 > ne > n1is satisfied.
For a fundamental vertical mode, the transverse confinement factor ΓT , the frac-
tion of mode energy within the active region, can be approximated as [32, 67]
ΓT ∼=
D2
2 +D2
, (5.3)
where D is the normalized waveguide thickness given by
D = k0
(
n22 − n
2
1
)1/2
, (5.4)
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Both the TE and TM mode confinement increases with active layer thickness but
former is confined more than the later [68]. Finally, the effective index ne of the
fundamental TE mode has been approximated as [67]
n2e
∼= n22 + ΓT (n
2
2 − n
2
1). (5.5)
5.2.2 Lateral modes
Field confinement in the lateral direction, parallel to the junction plane, is due to
lateral variation of optical gain or refractive index [69–71]. Index guided lasers can
be further classified as weakly [70] or strongly index guided [71] depending on the
lateral index step.
We will discuss the theoretical background of both index and gain guided lasers
in the following sections.
5.2.2.1 Index-guiding
In an index-guided device, structural lateral variations are used to make ne larger
in the central region of width w. Thus, the lateral step index
∆nL = n
in
e − n
out
e (5.6)
determines the extent of index guiding where nine and n
out
e are effective indices inside
and outside the active region of width w. In strong index-guided lasers, the step
index ∆nL is larger than the weak index-guided lasers and the effect of gain can be
treated as a small perturbation to the index-guided lateral mode.
The cut-off condition for a fundamental lateral mode is
w ≤
λ
(8ne∆nL)1/2
, (5.7)
The lateral confinement ΓL factor and fundamental mode refractive index are given
by
ΓL ∼=
W 2
2 +W 2
, (5.8)
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and
n¯2 ∼= (noute )
2 + ΓL
[
(nine )
2 − (noute )
2
]
. (5.9)
where W is the normalized waveguide width given as
W = k0w
[
(nine )
2 − (noute )
2
]1/2
, (5.10)
The net confinement factor for a transverse mode of a diode laser can be expressed
as Γ = ΓL.ΓT
5.2.2.2 Gain-guiding
For gain-guided devices, the effective index ne in by Eq. (5.5) is constant along the
lateral direction x, and the mode confinement is due to the lateral variation of gain
g which varies with the carrier density N given by
g = a(N −Ntr) (5.11)
where Ntr is the transparency carrier density and a is differential gain, ∂g/∂N , detail
of which is given in the chapter 4 of [31].
For gain-guiding, carrier diffusion plays an important role and carrier density N
is nonuniform that leads to inhomogeneous gain. In gain-guided lasers, the lateral
gain profile changes with the external pumping which makes the lateral-mode control
difficult above threshold regime. Index guiding can be induced in gain-guided lasers
by making cladding-layer thickness nonuniform i.e. a transition from gain-guiding
to index-guiding can be achieved [72].
In the next sections, we will discuss the device structures of gain-guided and
index-guided lasers.
5.3 Gain-guided lasers
In gain-guided lasers the confinement of the optical mode along the junction plane
is mainly due to the optical gain and it is present in all types of laser structures [32].
Since the optical mode distribution along the junction is determined by the optical
gain, these lasers are called gain-guided lasers.
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The simplest current-restricting structure for a gain-guided laser is an oxide-
stripe device [73]. In such lasers the current is injected into the laser structure
through a contact stripe defined by an insulating oxide layer. The insulation layer is
normally silicon dioxide SiO2 therefore gain-guided lasers are also called the stripe-
oxide lasers. The waveguide is thus formed only in the area where current flows.
A schematic of a stripe-oxide gain guided laser is shown in Fig. 5.1. Stripe oxide
gain-guided lasers are relatively easy to fabricate as compared to index-guided lasers
discussed next.
(a)
(b)
Figure 5.1: Gain guided stripe oxide laser. (a) Laser device (b) Crossectional view
of laser showing each epitaxial layer.
5.3.0.3 Device performance
Gain guided lasers have two major drawbacks. First; the current spreading in lay-
ers other than the active layer reduces the effective current density in the active
region [74]. Second; in semiconductors, increasing current density causes the refrac-
tive index to decrease, reducing the effective index step and, therefore, the lateral
confinement. This effect is referred to as index anti-guiding [32]. As in gain-guided
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lasers there is no effective index step in lateral direction therefore anti-guiding is very
strong in gain-guiding lasers. Both the current spreading and index anti-guiding are
responsible for high threshold current and a low differential quantum efficiency in
gain-guided lasers.
The above mentioned index anti-guiding and carrier leakage via current spreading
produce the kinks in the light-current (L − I) characteristics curve of gain-guided
lasers. This kink maybe caused by appearance of higher order modes, transition
from TE mode to TM mode, or a movement of mode in lateral direction [32].
Despite of above mentioned problems, stripe oxide lasers are good candidate for
a high power multimode operation.
5.4 Index-guided lasers
In index-guided lasers the lateral optical mode is confined by defining a variation of
the refractive index in the lateral direction through processing steps. This is done
by using a ridge waveguide (RWG) structure to confine the current from top contact
to the active region. A schematic of RWG diode laser is shown in Fig. 5.2.
In RWG lasers, the active region is continuous and the effective index disconti-
nuity is provided by a cladding layer of varying thickness. As shown in Fig. 5.2, the
top most semiconductor surface is covered with a dielectric layer including the outer
walls of RWG. The use of dielectric around the ridge inhibits the current spreading in
the cladding before active region as the current enters only though the top of RWG.
This dielectric layer grown directly on the waveguide ridge simultaneously provides
excellent electrical insulation, passivation of the etch-exposed bipolar active region,
and a low refractive index cladding, leading to numerous laser performance benefits.
5.4.0.4 Device performance
In order to obtain a stable emission by just one single lateral mode, it is essential
that the width and height of the ridge waveguide (RWG) are chosen carefully [23,
75, 76]. Both the width and etching depth of a RWG can be used to control the
mode confinement Γ in the active region. Mode confinement has a strong effect
on static and dynamic properties of the laser. For example, threshold current in
Eq. (2.12) depends exponentially on the mode confinement factor. The lateral mode
confinement in a conventional RWG laser is a result of both index guiding and gain
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(a)
( )
Figure 5.2: Ridge waveguide laser. (a) Laser device (b) Crossectional view of laser
showing each epitaxial layer.
guiding mechanism therefore it acts as a weakly index guided laser.
It has been shown [75] that a small difference in the ridge etch depth causes a
large difference in the threshold current density and lateral mode confinement. If the
ridge is not deep enough, the carrier-induced index change can compensate the built-
in refractive index step, causing radiation losses and an increase in the threshold
current. Also, the shallow etched RWG lasers have weak mode confinement and
current spreading which causes increase in threshold current. This, current spreading
can be eliminated by deeply-etching the ridge for enhanced laser performance and
good lateral-mode confinement.
The width of RWG plays an important role in mode stability and threshold
current. Eq. (5.7) gives the maximum width of the RWG that ensures the single
mode operation in lateral direction. Narrower RWG devices having high carrier
density consume more injection current due to non-radiative recombination and
other internal losses. On the other hand, increase in ridge width decreases the
carrier density and Auger recombination which results into a decrease in threshold
current density [76]. If the ridge width is further increased, the etch depth should
be reduced in order to maintain the fundamental mode operation; in this case the
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structure would be weakly index guided. It was found that there is an optimum
combination of ridge width and etch depth which gives a stable single transverse
mode operation [23]. This combination ranges from relatively narrow and deep ridges
to relatively wide and shallow ones where stable single transverse mode-operation is
ensured.
5.5 Far-field
A semiconductor diode laser emits light in the form of an elliptical cross-section,
as shown in Fig. 5.3. The emitted light diverges as it propagates away from the
laser. The angular intensity distribution far from the laser facet is known as far field
(FF). The waveguide region, being at most a few hundred nanometers thicker in the
vertical dimension, causes considerable diffraction. Due to larger lateral dimension,
the beam spread along the horizontal axis is not as pronounced.
Figure 5.3: Far field of a RWG diode laser.
If we draw two lines starting from the crystal active region and ending in the
end points of the ellipse’s major axis or minor axis, the angle between them would
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be the far field width where intensity is at least 50% of the maximum. The FWHM
angles θ|| and θ⊥, correspond to the parallel and perpendicular to the junction plan
as shown in Fig. 5.3. These angles are used as a measure of the angular spread of
the laser mode which gives information about mode behavior.
Generally, a too small θ|| corresponds to low optical mode confinement in lateral
direction. It is always desirable to achieve a symmetrical output beam for a better
optical fiber coupling [77].
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Chapter VI
Device fabrication
6.1 Introduction
The fabrication process of any semiconductor optoelectronic device like a laser or
superluminescent comprises two major steps; growth of the laser structure on a
semiconductor wafer and processing the wafer into single emitters.
The samples in this thesis were grown using molecular beam epitaxy. One of
the more important traits of MBE is its ability to produce materials with very high
purity due to the ultra-high vacuum (UHV) growth conditions [1]. Many properties
of diode lasers are fixed through epitaxy; for example the emission wavelength and
vertical confinement.
After the MBE growth, semiconductor wafer goes through different processing
steps to obtain a desired device geometry and performance [78]; for example longi-
tudinal modal properties of laser diodes depend on processing.
In this chapter, Section 6.2 we will discuss the basics of MBE growth and Section
6.3 presents the device structure grown by MBE. Section 6.4 goes in in detail of
semiconductor processing and technologies used in this thesis. Finally, Section 6.5
presents the detail of steps taken to process a complete laser diode or a SLD.
6.2 Epitaxial growth of structures
All the devices presented in this thesis are grown on a binary GaSb substrate material.
By introducing additional elements into the substrate, tertiary compounds (InGaSb)
and quaternary compounds (AlGaAsSb) can be grown. The composition of the
grown materials can be controlled to suit the special needs of semiconductor laser
47
structures and to adjust laser properties.
All the structures used in this study were fabricated using molecular beam epi-
taxy (MBE). Epitaxy means that new material is deposited on top of an existing
substrate in a way that the deposited layer will adopt crystal geometry from the
substrate. This method is capable of accurately producing extremely thin layers
with a layer thickness of a few nm, such as quantum wells (QWs). MBE growth
uses beams of atoms or molecules, in an ultra-high vacuum (UHV) environment,
which are impinged on a substrate wafer. The substrate is heated to a temperature
which gives enough thermal energy to the incoming particles so they can get fixed
into their lattice sites [79]. The limiting factor in any kind of epitaxial growth is the
requirement to have matching lattice constants in the substrate and all the grown
layers.
A load-locked MBE system used consists of three vacuum chambers [79]:
a) A fast entry lock (FEL) for removal and loading of samples where sample is
heated for degassing in high vacuum to remove moisture from the sample holder
and wafer itself.
b) A preparation chamber in which samples can be stored and degassed by heating
before growth to further clean the sample holder and the wafer, before moving it to
the growth chamber.
c) A growth chamber, where the actual growth happens and usually can be isolated
from the rest of the system during both growth and substrate introduction.
In growth chamber, the beams of molecule are generated by heating up material
sources, called effusion cells, to a point at which the material inside the cell starts
to evaporate. A typical MBE system designed for III-V semiconductor fabrication
has some or all of the following material sources: gallium, indium, and aluminum
from the group III elements; arsenic, phosphorus, and antimony from the group V
elements; and beryllium, silicon, carbon and tellurium as dopants. Precise control of
layer compositions is managed with individual mechanical shutters that can instantly
block the molecular beam from the source. The composition of material grown on the
substrate can be precisely controlled by varying the beam fluxes of different sources.
This is done by changing the source temperature. A schematic representation of an
MBE growth chamber is shown in Fig. 6.1.
UHV keeps the growth chamber clean and eliminates molecule collisions prior to
their arrival onto the substrate. UHV environment also makes possible in-situ growth
48
Figure 6.1: Schematic view of an MBE growth chamber [1].
monitoring, in the immediate growth area, such as Reflection High-energy Electron
Diffraction (RHEED) pattern observation and infrared pyrometry to provide a real-
time measure of the nature of the growing surface and its environment.
MBE allows the doping of semiconductor layers to improve the electrical conduc-
tivity of the material. This is done by introducing small amounts of impurities into
the structure. A typical donor, which generates electrons, for GaSb and other III-V
antimonides is tellurium (Te), a group VI element and takes a group V site in the
crystal. And a typical acceptor is beryllium (Be), a group II element which takes a
group III site in the crystal and generates holes.
All the GaSb substrates were n-doped with tellurium and had a (100) crystal
orientation. The substrate thickness for n-GaSb is 500 µm.
6.3 Laser structure used in this work
QW lasers can be classified into three categories, depending the nature of the band
alignment at the well-barrier interface [14]: nested (type-I), staggered (type-II) and
broken gap (type-III). In the first case electrons and holes are confined into the same
material (Fig. 6.2), while in the two other cases carriers are spatially separated
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into the adjacent layers. As a consequence indirect radiative recombinations are
generated in last two cases. The detail of bandgap structure is beyond the scope of
this thesis wo we would not discuss it further.
The laser structure used in this work is GaInSb QW type-I as shown in Fig. 6.2.
GaInSb gives the emission wavelength around 2 µm. Using GaInSb QW the band
alignment of QW and barriers maintain type-I alignment for all composition range
with (Al)Ga(As)Sb barriers [17]. In addition, ternaries are easier from growth point
of view. The actual laser structure is grown using MBE on top of an n-doped GaSb
wafer substrate. First a buffer layer with a thickness of a few hundred nm is grown.
The buffer layer is composed of the same material as the substrate and ensures a
good starting surface for the following layers.
Figure 6.2: Schematic band diagram of laser structure where right most portion is
bottom and left most part is the top layer.
The intrinsic area consists of two compressively strained quantum wells as the
active region to provide laser gain. They were separated by a AlGaAsSb barrier layer.
The AlGaAsSb layers around the QWs are SCH layers and they act as waveguides
to confine the optical field. This is possible because, as can be seen from Table. 4.1,
the more aluminum a layer contains, the smaller is its refractive index.
The doped regions of this p-i-n structure are the AlGaAsSb claddings, with the
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substrate on the bottom and the contact layer on the top side of the crystal as shown
by the layer structure representation in Fig. 6.3. The part of cladding layers closer
to the active region were doped with fewer atoms because the presence of dopants
increases the losses due to free carrier absorption. However, the doping level cannot
be decreased too much because on the other hand low doping increases voltage drop
across the structure due to the increased resistance. The doping increases away
from the active region. The top layer of the structure is GaSb , because aluminum
containing layers are subject to drastic oxidation. The cap layer is also heavily doped
in order to achieve a good ohmic contact.
For the laser structure presented in Fig. 6.2 and Fig. 6.3, the resulting refractive
index profile is shown in Fig. 6.4 together with the optical mode profile.
6.4 Device processing
Different processing steps are used for fabrication of a SLD and LD [78, 80]. Once
the laser structures are grown, they are normally processed using a simple stripe-
oxide process. For this study, oxide stripe process was used only as a quick tool for
evaluating the quality of MBE grown wafers and a general comparison with a RWG
diode laser, and its processing will not be discussed in detail. A detailed description
of the processing steps involved in this work including oxide stripe process can be
found in reference [78, 80].
The most important process used in this study is RWG process that was used for
both LDs and SLDs. A RWG process requires three different UV lithography steps
for patterning a semiconductor sample. The individual process steps are discussed in
Section 6.5. Processing of tilted, tapered and beam-dump SLDs is identical to that
of normal RWG components, with the exception that different lithography masks
are used for surface patterning. For example, a schematic of a tilted SLD is shown
in Fig. 6.5 which is similar to the straight RWG in Fig. 5.2 except the waveguide
is not perpendicular to facets. The schematics represent the main features to be
defined through processing.
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Figure 6.3: Epitaxial layers laser structure grown on GaSb substrate.
6.4.1 Main processing technologies used
6.4.1.1 Plasma-enhanced chemical vapor deposition
Dielectric layers grown by plasma-enhanced chemical vapor deposition (PECVD)
constitutes plasma assisted chemical reactions in which high reactive radicals migrate
52
Figure 6.4: Refractive index profile (solid line) for the laser structure together with
the optical mode intensity (dashed line).
Figure 6.5: Tilted RWG SLD showing main features to be defined through processing.
to the substrate and stick to its surface. PECVD gives good film uniformity and
step coverage.
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Dielectric layers such as insulators, passivisation layers, and etch masks are often
made by PECVD. In this study, SiO2 was used as an etching mask and SiN as an
insulation layer. In PECVD, the samples are placed into a chamber containing a
plate with a temperature of 300 ◦C. The chamber is then closed and pumped to
vacuum. After this, process gases are introduced into the chamber and a radio
frequency (RF) source is used to generate the plasma inside the chamber. Reactive
radicals in plasma adhere to the sample surface to form a thin layer.
6.4.1.2 Reactive ion etching
Transfer of the ridge pattern to the dielectric SiO2 layer is done by reactive ion etch-
ing (RIE) [78,81]. RIE is type of dry etching method and produces very anisotropic
patterns. In RIE, the sample is placed into a vacuum chamber, which is filled with
suitable process gases. A RF source generates plasma in the chamber. The sample
is placed on a glass plate positioned between two electrodes. Once the plasma is
formed, electrons move to the upper electrode and positive ions hit the sample that
is placed on the lower electrode.
Reactive ion etching is a form of dry etching which combines highly anisotropic
physical etching and dry chemical etching. Physical etching is done by an inert gas
ions that hit the sample to break the bonds of etched sample and forms nonvolatile
compounds. After this, another reactive gas is often added in the chamber, for
a chemical dry etching, which generates radical. These radicals then react with
nonvolatile products to form volatile compounds.
In situ monitoring of etching is done by using a laser interferometer (LI). A laser
is positioned normally over the sample and the intensity of the reflected beam is
measured. The phase difference of the light reflected from the boundaries between
different materials forms a sinusoidally varying intensity curve that shows the etching
depth.
Different gases are used for the etching of different materials. The etching of
SiN and SiO2 was done by a mixture of two gases. Argon is responsible for physical
anisotropic etching of dielectric layer and carbon hydro-trifluoride (CHF3) is present
to remove the nonvolatile products caused by etching. Its Important to note that
when a vertical feature is required then AR is used in RIE but it can damage the
sample surface therefore when anisotropy is not important then O2 is replaced with
Ar because O2 has less damage to sample surface than Ar.
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6.4.1.3 Inductively coupled plasma etching
In the RWG process, the ridge pattern is etched onto the semiconductor. This was
done with an inductively coupled plasma etching source. The advantage of ICP over
RIE is that it has high plasma density to achieve high etch rates and low ion energies
for a less damage to the etched surface [78]. The III-V semiconductors are often
etched by chlorine-based gas mixtures due to formation of volatile compounds [81].
ICP etching was done by a Plasmalab 100ICP 380 by Oxford Instruments ICP
unit where process gas was introduced between top and bottom electrodes which
becomes ionized and move towards the substrate placed on the bottom electrode
with a oil between substrate and electrode to enhance the thermal conductivity and
to increase the stickiness, also the bottom electrode is cooled by nitrogen circulation.
Helium back side cooling was done which improves the thermal contact between the
water cooled electrode and the substrate. By lowering the substrate temperature the
durability of a resist mask can be improved. In this process first step was chamber
cleaning that was done by introducing the oxygen into chamber to create oxygen
plasma.
Controlling the etch depth of the ridge is very important for optimum laser
characteristics. To ensure this, a test etch is usually performed on separate samples
to find the etch rate. Test samples are etched for three different etching times and
etch depth is measured using scanning electron microscope (SEM). After this, with
the help of data interpolation a general relation is obtained between etching time
and depth. Finally, the actual sample is placed in the chamber and etch time for a
desired etch depth is calculated from previous interpolated data which gives accurate
results.
In this study, the gases used for the etching of GaSb based materials were chlorine
Cl2 and nitrogen N2. The purpose of nitrogen is the passivisation of side walls [81].
Chlorine forms involatile compounds with indium. As a result, the etching etch rate
indium containing layers is low and caused by ion flux etching.
6.4.1.4 Wet etching
Wet or liquid phase etching is simplest method with ability to cause virtually no
surface electron damage [78]. A very selective wet etching of dielectrics like SiN and
SiO2 can be achieved by using fluoride-based enchants, like aqueous hydrofluoric
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(HF) acid solution. The use of HF for SiO2 deposited on the top of a III-V semi-
conductor is very useful because HF do not etch the semiconductor except those
containing aluminum.
The least desirable wet etch characteristic is the unavoidable tendency to under-
cut etch masks, making precise dimensional control more difficult [78]. This results
into isotropic etching or crystallographic etching during pattern transfer from mask
to substrate. In this study, all the pattern transfer etching was done by dry etching
but dielectric mask, after the pattering, can be effectively removed by wet etching
technique.
6.4.1.5 Resist spinning and lithography
The first step in lithography is to cover the sample with an ultraviolet (UV) sensitive
resist. Resist contains a photoactive compound (PAC) which responses to the inci-
dent radiation through a chemical reaction, which changes the solubility of the PAC
in a basic solution commonly referred to as a developer. When the exposed regions
are dissolved by the developer or become more soluble, the resist is designated a
positive resist. Conversely, when the exposed regions become less soluble, the resist
is called a negative resist. The resist layer is dispensed on the sample surface by
spinning. In spinning, the sample is placed on a rotating holder and a small amount
of resist is administered on the center of the sample. The sample is then spun at
high speed. This causes the fluid to spread evenly along the sample surface forming
a thin layer. The rotation speed and time can be adjusted to get the optimum resist
thickness.
Before spinning the actual resist on the sample, the sample surface is primed
using hexamethyldisilazane (HMDS) [78]. HMDS removes moisture on the surface
and improves the adhesion of the resist to the surface. After HDMS treatment, the
resist is deposited.
Before UV exposure, the sample is baked on a hotplate at 110 ◦C for 1 minute.
The bake hardens the resist slightly and reduces the amount of resist that sticks
to the mask used in lithography. It is important to avoid overly long bake time,
since this will harden the resist too much and may prevent the development of the
exposed resist.
Resist patterning is done using UV lithography. In this work a UV mask-aligner
(Karl Suss MA6) was used. The mask used in the lithography process is a glass
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plate covered with metal patterns done with electron beam lithography. The UV
light passes through the mask from sections that are not covered with metal during
exposure. The exposure time depends on the used resist and the pattern size. After
the exposure, the resist is developed by immersing the sample in a developer for a
period of time. Over development will eventually result in the removal of the resist
from the unexposed areas, but in optimized processes this can be avoided.
Development transfers the mask pattern onto the resist. At this point it is
important to check the sample under a microscope to ensure the quality of the
transferred pattern. Following the inspection, a post-develop bake, or hard bake, is
applied at 125 ◦C for 2 minute. Hard bake is used to increase the adhesion and to
harden the resist to better endure the following processes. Excessive baking should
be avoided to maintain the original form of the exposed and developed resist features.
6.4.1.6 Metallization
All metal contacts in RWG process are done using electron beam evaporation inside
a vacuum chamber. The e-beam evaporator has 8 different metal sources that are
placed in a rotating revolver. This enables the changing of the evaporated metal
without opening the chamber between depositions. A tungsten filament is used as
the electron source. Current flowing through the filament causes it to heat and
release electrons. The electrons are accelerated with a 10 kV voltage and the formed
beam is guided with magnets into the material liner. With sufficient current, the
beam vaporizes the metal and forms a material flux to the sample.
Prior to metal deposition, sample is immersed in an acid such as hydrochloric
(HCl) acid . This is done to remove oxides from the sample surface and to reduce
the resistance of the semiconductor-metal contact. Typical p-metal contact used in
this study comprises of three separate metals [78]. First, 30 nm of titanium (Ti) is
evaporated to the sample. Ti improves the adhesion of the following metals to the
sample surface. Next, 60 nm of platinum (Pt) is deposited and finally a 120 nm layer
of gold (Au) is deposited. The platinum serves as a barrier preventing diffusion of
gold to the semiconductor material and gold provides a stable top layer that does
not oxidize and has good conductivity. Typical evaporation rate for the metals is
0.2 nm/s. During p-side metallization, the sample must be tilted 30◦ to ensure that
the ridge sidewalls are also metallized. This is needed to achieve a uniform metal
deposition on both sides of RWG.
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Metallization on n-side is done using different metals [78]. First a 10 nm layer of
nickel (Ni) is deposited on the surface to improve adhesion of the following layers and
prevents diffusion of gold to the semiconductor. Then, a 5 nm of gold is deposited
followed by a 17 nm layer of germanium (Ge) which acts as a n-type dopant. Finally,
a 100 nm layer of gold deposited. The thickness ratio of the last two layers is
important for obtaining a good contact. The extra Au is deposited to reduce the
resistance of the metal contact.
6.4.1.7 Rapid thermal annealing
After n-metallization the sample undergoes a contact rapid thermal annealing (RTA)
treatment. Purpose of this is to cause the gold and germanium to diffuse into each
other and form an eutectic alloy which allows Ge to diffuse further into semicon-
ductor [78] . This improves the quality of metal contact and reduces the contact
resistance. Sample is placed n-side down on a silicon wafer and inert gas like nitro-
gen is pumped in a vacuum. Contact RTA treatment is done by heating the sample
to 300 ◦C for 3 min. Examining the n-side of the sample after RTA treatment is
an easy way to ensure that the gold and germanium layers have mixed. Before
the treatment, the sample colour is gold. The colour should be grey after the RTA
treatment.
6.4.1.8 Thinning
The thickness of a normal GaSb wafer substrate is approximately 500 µm. The
typical size of a laser chip is roughly 2x0.5 mm. Cutting the sample into such small
sized pieces is impossible, if the substrate is not thinned to approximately 140 µm.
This is done using a combination of mechanical and chemical thinning.
Before thinning, the p-side of sample is protected by deposition of a SiO2 and
also spinning a resist layer.
6.4.1.9 Dielectric AR coating
As discussed in section 3.3, the facets of laser chips are AR coated to suppress lasing.
In this work, AR coating was done by atomic layer deposition (ALD). ALD provides
an accurate thickness control and good uniformity. AR coatings in this work were
not optimized for a large bandwidth but the purpose was to notice the effect of AR
coatings on device performance.
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A single layer of Al2O3 was used as AR coating. Thickness of the layer depends on
the wavelength and refractive index of substrate. A software was used to design the
thickness of AR layer around 1950 nm. Refractive index of active region, substrate,
was selected as 3.648. The results of simulation are shown in Fig. 6.6, where red
curve is the reflectance of TM mode, blue curve is the reflectance of TE mode
and green curve shows average reflectivity. Thus, a reflectivity around 3 % can be
achieved by growing a layer of thickness 314.6 nm for a wavelength around 1950 nm
and incident angle of 7◦ for a tilt RWG.
Figure 6.6: Simulated reflectance curves for TE, TM and average polarization when
314.6 nm of Al2O3 is grown at 1950 nm.
6.4.1.10 Scanning electron microscope
Once the sample is processed then Scanning electron microscope (SEM) is used to
analyze the sample. For scanning electron microscope (SEM) imaging Zeiss Ultra55
SEM was used. In SEM, a beam of electron is scanned over the surface of sample and
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reflected secondary electrons are detected through detector which forms the image
of sample. The sample is put into SEM airlock and vacuum is pumped. Then a high
energy electron beam is used for scanning the sample. High voltage produces high
concentration of secondary electrons that provides high resolution images. SEM can
magnify the image up to 500000 times. The detailed working of SEM is beyond the
scope of this work.
6.5 Processing steps of a RWG device
Pattering of sample is done in three major steps using three different masks as
shown in Fig. 6.7. In the first step, ridges are patterned on the sample surface. In
the second step, an opening stripe is formed on the sides of the ridge to control the
flow of current through the device. Finally, a metallization pattern is formed on the
sample to form a p-contact.
Mask used in this process consists of different waveguide structures like tilted
RWG, tapered RWG, and beam-dump RWG. The processing steps for all structures
are exactly same. Thus, for simplicity, we will discuss the processing steps for a
straight RWG device. Step by step processing steps of a RWG diode laser are given
in the appendix of this thesis.
6.5.1 Ridge exposure
In the first exposure step, the MBE-grown semiconductor structure is etched to form
a ridge pattern on the sample. Steps required for this are presented in Fig. 6.8.
Once the sample is cut to an appropriate size it is covered with a SiO2 layer by
using PECVD, which acts as an etching mask for the ridge pattern. This layer has
to be relatively thick to ensure that it withstands the etching step. A typical growth
time used for the SiO2 layer in this step was 169 s. This yields a layer thickness of
200 nm.
The first lithography step is done after SiO2 growth. The sample is primed with
HDMS and a layer of AZ6612 positive photoresist [82] is applied. The mask for this
step has ridges with widths of range 2 − 8µm. After the soft bake, the sample is
aligned to the mask, using a mask aligner to ensure that the straight edge of the
sample is parallel with the ridge patterns in the mask. Accurate alignment is critical
in this step. UV exposure time of 5 s and development time of 20 s were used for
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Figure 6.7: Patterning steps of a RWG laser processing. Step 1 is the patterning
of ridges, Step 2 is the deposition of dielectric layer around ridges and Step 3 is the
deposition of p-metal contact.
this step. After development, the sample is hard-baked at 125 ◦C for 2 min.
Transfer of the mask pattern to the dielectric layer is done by etching SiO2 by
RIE for 7 minutes. After RIE, the sample must be inspected with a microscope. Ar
gas was used as a physical etch gas during this process because anisotropic etching
of mask is important to achieve vertical walls of ridges in the next etching step. Ar
gas present in RIE etching gas can lead to removal of resist from wrong locations
due to over-etching but the resist layer is significantly thicker than the dielectric
layer so over-etching is avoided.
After inspection, the remaining resist is removed from the sample. This is done
by immersing the sample in beaker containing resist stripper like Acetone. In this
study a specific commercial resist stripper, called S1165, was used [83]. Etching in
RIE may causes the resist to slightly burn onto the sample surface and becomes more
difficult to remove. For this reason, resist can be removed by heating sample at 80
61
Figure 6.8: Sample surface after each RWG processing step in the first lithography
step. Active region of the laser material is shown in red. (a) Initial substrate. (b) Sam-
ple after growth of SiO2 layer in PECVD. (c) After resist spinning. (d) UV exposure
using a first lithography mask for patterning. (e) Surface after resist development. (f)
Etching of SiO2 layer in RIE. (g) Resist removal before ridge etch. (h) Ridge etching
to semiconductor surface with a SiO2 mask. (i) Etched ridge after removal of SiO2.
◦C in a beaker containing S1165 then placing the beaker in an ultrasonic bath. After
removing the resist with S1165, some areas of the sample may still have residual resist
on them. To remove resist from these parts, the sample is put back into RIE and an
O2 plasma is used to remove the residual resist without any significant damage to
the dielectric layer. At this point, sample was again put into the RIE chamber and
etched for 1 min using the same recipe of SiO2 etching. This was done to reduce
any SiO2 residue after the first etch that could produce micropillers during etching
of semiconductor.
Next, the ridge pattern is etched on the semiconductor surface by ICP-RIE etch.
The patterned SiO2 layer acts as an etching mask for this step. To find the accurate
etch time three samples were etched for 80 s, 100 s and 120 s while the etch depth was
measured using SEM. After interpolation a liner fit was obtained between etching
time and depth, as shown in Fig. 6.8. Hence, for target etch depth of 2100 nm, blue
triangle in Fig. 6.9, the etching time used was 102 s. The etch depth is monitored
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using the interferometer in ICP. Once the ridge pattern is formed, the SiO2 mask is
removed by RIE etching for 3 min 30sec. Remember that SiO2 can also be removed
by wet etching but HF can also etch the aluminum containing semiconductor layers
(cladding) that are already exposed. At this point, the ridge depth can be measured
using a profilometer.
Figure 6.9: ICP etch depth vs. etch time for GaSb sample. Squares and trian-
gles represent measured and interpolated data data points where blue triangle is the
etching depth used in this work.
6.5.2 Opening exposure
In third step of the process, an opening is formed on the top of the ridges to direct
the current flow through the device. Processing steps for the opening exposure are
shown in Fig. 6.10.
A 100 nm layer of SiN is grown on the top sample for 300s. AZ6612 is also
used as a resist in this step. Sample is primed with HDMS before resist coating,
followed by a soft bake. Mask alignment in this step is very crucial as compared to
other steps because openings are 3 µm wider than RWG. In other words, the angle
between the sample and the mask must not exceed beyond certain limit where the
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Figure 6.10: Sample surface after each RWG processing step in the second lithog-
raphy step.(a) Sample surface after SiN growth. (b) Resist spinning. (c) UV exposure
with the opening lithography mask. (d) Development of exposed resist. (e) Etching
of SiN layer in RIE to form the ridge opening. (f) Removal of remaining resist.
mask becomes misaligned.
The exposure time in this step varies from 2 to 10 s depending on the quality of
contact and status of the mask aligner’s UV lamp. The exposure time should be as
short as possible to prevent overdeveloping of the resist on sidewalls of RWG, which
causes widening of the openings, but sufficient to achieve good development over the
whole sample.
After exposure, the openings are developed and the sample is hard baked as
before. SiN is etched away from openings by using RIE for 3 min. Since anisotropy
is not an issue during this kind of patterning therefore physical etch gas used in RIE
was O2 because of its less damage to the sample. Finally, the remaining resist is
removed using S1165 (80◦C+ ultrasonic bath) and O2 plasma in RIE.
6.5.3 Metallization exposure
The last lithography step is done to form metal contacts on p-side of the sample.
Metal contact on each RWG must be separated from adjacent contacts of RWGs so
they can be cleaved easily in the from of chips. This is done by using lift-off process
to pattern the metal that is evaporated onto the sample surface. Sample after each
processing step is shown in Fig. 6.11. The resist used in this lithography step is a
commercial AZ5214E image reversal resist [84]. In an image reversal process, the
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Figure 6.11: Sample surface after each processing step in the third lithography
step of the RWG process. (a) Spinning the image reversal resist. (c) UV exposure
with the metallization mask, followed by image reversal bake. (d) Flood exposure to
change the resist polarity. (e) Sample after resist development where areas exposed in
during first exposure remain covered with resist. (e) Evaporation of the metal contact
to the p-side of sample. (f) Lift-off of remaining resist.
polarity of the resist can be changed by activating the photoactive compound by
baking and long UV exposure. This results in an undercut profile of the resist that
is important for the removal of the resist after the sample is metallized [78].
After the HDMS treatment the resist is then spun to the surface followed by a
soft bake. The UV exposure is done in two parts for this step. In the first exposure,
the areas to be developed are covered with metal in the mask and exposed for 10
s. The exposed sample is then removed from the mask aligner and put on a hot
plate for 2 min at 115◦C. This step is called image-reversal bake. The bake activates
the photoactive compound and causes the exposed resist to polymerize and becomes
permanently insoluble to developer.
The sample is then exposed again without using any mask for 32 s. This is
known as flood exposure. The sample is then developed for approximately 30 s.
After development, the resist areas those were exposed during first exposure are
removed while unexposed areas are developed. The sample is now ready for metal
contacts.
After metallization, the remaining resist is removed from the sample using S1165
at 80◦ and ultrasonic bath. When the resist dissolves, the metal covering it lifts off
from the sample and a pattern containing separate chips is formed.
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6.5.4 Finishing steps
After the p-metallization some steps are still needed, as shown in Fig. 6.12, before
devices can me characterized. First the sample is thinned to approximately 140 µm
Figure 6.12: Sample each processing step in the final steps of the process. (a)
Thinning of the sample, (b) n-side metallization, (c) Cleaving and scribing of sample
into individual components. (d) Bonding of each device on submout.
using a lapping machine. Before thinning a 170 nm SiO2 layer is deposited on the
p-side of sample followed by a resist spinning. After the thinning, the n-side of the
sample is metallized and then sample undergoes RTA. Once the RTA is complete,
the sample is ready to be cut into single emitters. It is done using an automated
scriber. Finally, individual device is bonded to a submount for wiring and desired
chips are AR coated. A scanning electron microscope (SEM) micrograph and a
microscope image of a finished component are shown in Fig. 6.13.
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Figure 6.13: SEM image (left) and a microscope image (right) of an RWG compo-
nent bonded on a submount for measurements.
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Chapter VII
Results and discussion
This chapter concerns the characterization and results of the 2µm superluminescent
diodes, ridge waveguide laser diodes and oxide stripe laser diodes whose fabrication
and theory was discussed in the previous chapters.
Devices were characterized by measuring output power (L), threshold current,
lateral far-field and emission spectrum. All the measurements were done by using
a commercial LDC5000-multifunctional laser diode characterization system. This
system has build-in photodiode for power measurement, optical spectrum analyzer
(OSA) for spectrum measurement and scanning geometry for a far-field measurement.
The system has also a build-in temperature control system for power measurements
at different temperatures. It can also measure the voltage, V , and current, I, in a
laser.
LDC system is not capable of measuring the spectrum of low power tilted RWG
devices. Therefore, spectrum measurement for tilted RWG devices were done by
using a separate optical setup shown in Fig. 7.1.
Figure 7.1: Optical setup for measuring emission spectrum of low power SLDs.
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7.1 SEM analysis of processed chip
SEM was used to analyze the LDs and SLDs after complete processing. The purpose
was to actual examine the etch depth and ridge width of devices. Out of several
devices we selected a RWG LD with a target ridge width of 4 µm and etch depth of
2100 nm. SEM images are shown in Fig. 7.2.
Fig. 7.2a shows that the ridge width at the bottom is 4.2 µm whereas at the
top is 3.9 µm. This difference in ridge width or sloped walls could be due to the
isotropic etching caused by chemical etching in ICP- RIE etching. Another reason
might be the low volatility of etch products or polymer build-up. Steeper walls could
be achieved by increasing the argon flow during ICP-RIE to make the etching more
physical like or addition of polymer etching gas.
Fig. 7.2b shows that the actual etch depth is 2078 nm which is quite close to the
target etch depth of 2100 nm. The difference might be due to the slow etch rate
then expected or measurement accuracy. Another problem encountered with dry
etching is grassing or micropillars demonstrated in Fig. 7.2c . This grassing causes
uneven etching and makes the surface rough. Grassing is caused by unintentional
masking of the etched surface by non-volatile molecules detached from the etching
mask, the semiconductor sample or the etch chamber. In our case, these pillars
could be due to the SiO2 etching mask, non-volatile, particles which were adsorbed
to the etched surface during RIE etching of SiO2. Grassing maybe avoided by using
more chemical dry etching to remove the non-volatile products during SiO2 RIE.
7.2 Characterization of superluminescent diodes
Tilted RWG SLDs of different cavity lengths were selected for the characterization.
The fabrication process also produced the straight RWG LDs and those were used
for the sake of comparison to our SLDs. We also tested the tapered beam-dump
RWG SLDs fabricated in a separate process on same epitaxial wafer. Some selected
SLDs were also AR coated to achieve better performance.
All these devices were characterized by measuring power-current-voltage (I-L-V)
curve and spectrum under CW input current mode.
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Figure 7.2: SEM images of a RWG device for a target ridge width of 4 µm and
etch depth of 2100 nm, where (a) is the waveguide crossection to measure width (b) is
the dwell crossection to measure etch depth and (c) is the SEM image showing pillars
on etched surface caused by the etching mask.
7.2.1 Tilted RWG SLD
Fig. 7.3 shows the output power and emission spectrum of a short cavity, 600 µm,
SLD with a maximum power upto 0.15 mW and spectral FWHM of 200 nm, centered
around 1.9 µm. For a comparison, another straight RWG device with a similar cavity
length and material is displayed in Fig. 7.3a. Its clear from the comparison that a
straight RWG device behaves like diode laser with a clear threshold current of 20
mA and maximum power more than 20 mW.
We also found that long tilted RWG devices do not show enough superlumi-
nescence behavior and they have narrow peaks in the spectrum. Therefore, devices
longer than 600 µm were AR coated to further suppress the cavity feedback. Fig. 7.4
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(a) (b)
Figure 7.3: Short cavity, 600 µm, tilted RWG SLD; CW mode, w= 2 µm, room
temperature (RT). Where (a) is the output power of a LD and tilted RWG SLD and
(b) is emission spectrum at three different currents
shows the L−I curves and emission spectrum of 1000 µm tilted RWG devices before
and after AR coatings on both facets. AR coatings have a significant effect on the
performance of the SLD which is clear from the broadening of spectrum after AR
coating. But AR coating has also sufficiently reduced the power of coated SLD.
(a) (b)
Figure 7.4: 1000 µm tilted SLD before and after AR coatings, where (a) shows the
I-L curve and (b) is emission spectrum at RT.
Fig. 7.5 shows the power and emission spectrum of 1600 µm long AR coated SLD.
This device produced maximum power upto 7.5 mW and spectrum with FWHM of
71
150 nm centered around 1.9 µm. From Fig. 7.4a and Fig. 7.5a, it is clear that output
power emitted by SLDs increases with increasing cavity length. This increase in
power is due to reason that single pass gain increases exponentially with increase
in cavity length. However, the spectrum in Fig. 7.4 and Fig. 7.5 have still some
spectral modulations due to cavity feedback. These spectral modulation can be
reduced significantly by using an optimized SLD design or AR coatings with very
low reflectivity. Later can be achieved by designing low reflectivity single or multiple
AR coatings for SLDs used in this study. From the spectrum in Fig. 7.3, Fig. 7.4 and
(a) (b)
Figure 7.5: 1600 µm tilted SLD before and after AR coatings, where (a) shows the
I − L curve and (b) is emission spectrum at RT.
Fig. 7.5, we noticed that the FWHM decreases for longer devices and also for higher
currents. The reason for both is the higher amplification of the wavelength closer
to the optical gain maximum. All these spectra have absorption peaks at shorter
wavelengths and reason behind this might be the light absorption by molecules in
air as the experiments were carried out in a non-vacuum conditions. The output
power of SLDs also increases exponentially, because the optical gain in Eq. (3.1) has
an approximately linear relationship with current.
7.2.2 Tapered beam-dump RWG SLD
The ILV and emission spectra of a straight tapered beam-dump geometry, shown
in Fig. 3.2c, were also measured. As shown in Fig. 7.6, this device gave a maximum
power upto 5 mW and relatively broad emission spectrum without AR coatings.
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Spectrum of the device shows that its on the verge of lasing therefore these devices
were AR coated to further suppress the lasing. Spectrum after the AR coating in
Fig. 7.6c shows a broadband emission with almost no lasing upto power as high as
7 mW.
The emission spectrums in Fig. 7.3, Fig. 7.5 and Fig. 7.6 have shown a redshift
with increase in injection current. This red shift is associated with the bandgap
shrinkage due to increase in carrier density which produces redshift in the spectrum.
From the above discussion, its clear that the longer tilted AR-coated SLD is a
good candidate for high power applications.
(a) (b)
(c)
Figure 7.6: 1600 µm straight tapered beam-dump SLD, where (a) shows the I −
L− V curve of uncoated device, (b) is emission spectrum before AR coating and (c)
is the emission spectrum after AR coatings.
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7.3 Characterization of RWG and oxide-stripe diode lasers
In this section we will compare the performance of RWG diode lasers and oxide-
stripe lasers. Oxide-stripe lasers were fabricated from the same epitaxial material of
RWG lasers therefore we can easily compare the performance of both on the basis
of different lateral structure.
7.3.1 RWG diode laser
From Fig. 7.7a, we observe that threshold current decreases from 64 mA to 36 mA
when the ridge width of a 1000 µm long device increases from 5 µm to 7 µm. The
reason behind this is a high carrier density for narrow ridges which is responsible for
enhanced non-radiative Auger recombination and other carrier leakage losses. These
loss mechanisms also lower the power emitted by narrow ridge device which is clear
from the Fig. 7.7a.
Wide ridge devices also provide a good single mode output beam, for a certain
etch depth, which is clear from the lateral far-field pattern in Fig. 7.7b. The FHWM
of the lateral far-field is 20◦. Also, the lateral field shape and width remains stable
at high currents which shows a stable lateral mode operation even at high output
power.
As compared to narrow ridge LDs, the wide ridge LDs are less sensitive to tem-
perature variations which is clear from the Fig. 7.7c and Fig. 7.7d. At high tempera-
ture the loss mechanisms like non-radiative Auger recombination, carrier leakage and
other internal losses are high. These loss mechanisms are high when carrier density
is high. Therefore, for a wide ridge device, the increase in temperature from 20◦C
to 50◦C increases the threshold current from 36 mA to 46 mA while for a narrow
ridge device the increase is from 60 mA to 85 mA. The decrease in output power at
high temperature is less pronounced in wide ridge devices than narrow ridge devices.
The output power saturates for both devices at high current. This power saturation
is due to a high carrier density which produces high thermionic emission or leakage
current, active region heating and the increase in the other internal losses.
7.3.2 Oxide-stripe diode laser
The power and far-field measurements of a 1000 µm long stripe-oxide laser with
80 µm wide stripe are shown in Fig. 7.8. The L − I curve in Fig. 7.8a also shows
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(a) (b)
(c) (d)
Figure 7.7: Performance characteristics of a 1000 µm long RWG laser diode, where
(a) is the L− I curve for different ridge widths at RT, (b) is the lateral far-field for 7
µm wide RWG diode laser, (c) is the L− I curve at different temperatures for 7 µm
wide and (d) is the L− I curve of 5 µm wide RWG LD at different temperatures.
kinks. The lateral leakage of the optical mode due to index anti-guiding and carrier
leakage via current spreading are the main reasons for kink in the L − I curve of
gain-guided lasers. These kinks are responsible for mode transition from lower order
to higher order. This mode-hoping can be clearly identified when the lateral far-field
is measured before and after the kink current. Fig. 7.8b shows the lateral far-fields
before and after the 220 mA kink current. We can observe the extra lobes in the
far-field after the kink current due to presence of higher order mode. These number
of kinks or mode-hoping can increase with the injection current due to increased
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index anti-guiding and current spreading.
FWHM before and after the kink is 2◦ and 4◦. Such a low far-field width shows
a poor confinement of optical mode in lateral direction due to current spreading and
index anti-guiding.
Other than the L− I curve the slope efficiency (power/current) can also help to
locate the position of kink on L− I curve in Fig. 7.8a. At the kink current the slope
efficiency exhibits a sharp bump after that its value is large as compared to before
king. This can be clearly observed from the behavior of slope efficiency in Fig. 7.8a.
In spite of weak mode confinement and current spreading, oxide-stripe lasers
are less sensitive to temperature variations due to wide stripe width and low carrier
density. Fig. 7.8c shows that the threshold current increases by 20 mA when temper-
ature is increased from 20◦C to 50◦C. The L− I curve in Fig. 7.8c shows that these
lasers are capable produce high power without power saturation at low currents as
compared to RWG lasers. This high power operation at high currents and without
a power saturation can also be associated with the low carrier density.
Therefore, depending on the requirement of high power or stable single more
operation, RWG diode lasers or oxide stripe lasers is good choice.
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(a) (b)(b)
(c)
Figure 7.8: Performance characteristics of a 1000 µm long oxide stripe diode laser,
at RT, having 80 µm wide stripe, where (a) is the L−I curve with the slope efficiency,
(b) is the lateral far-field for before and after the kink and (c) is the L − I curve at
different temperatures.
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Chapter VIII
Conclusions
In this work, the use of a mid-IR superluminescent diode as a broadband and high
power light source was studied. All such the devices were based on a Fabry-Pe´rot
cavity ridge-waveguide laser diode structure. Very broadband and high power SLD
structures were grown by MBE on a GaSb substrate and processed in the cleanroom.
Different designs of a GaSb based SLDs were fabricated to get a broad emis-
sion spectrum around 2 µm emission wavelength. A detailed study of waveguide
geometries to achieve high power and broad emission spectrum was given. Different
lengths of tilted waveguide SLD were characterized and devices longer than 600 µm
were AR coated for a better performance. Longer AR-coated SLDs were found to
produce a high power. Power as high as 8 mW was achieved from a 1.6 mm long
AR-coated tilted SLDs. A spectrum with FWHM of 200 nm from low power short
cavity SLD to FWHM of 150 nm from high power long cavity SLD around 2 µm was
demonstrated. Straight tapered beam-dump devices were also tested for maximum
power upto 5 mW and 120 nm broad emission around 2 µm.
For the sake of comparison, RWG and oxide-stripe LDs were also fabricated to
analyze the mode confinement and threshold current. Wide ridge , 7µm, devices were
found to be a good choice for a stable lateral mode confinement and low threshold
current as compared to oxide-stripe devices those gave unstable multimode high
output power.
In future research, the development of InGaAsSb QWs towards emission wave-
length beyond 2 µm is required. Further design and analysis of SLDs geometries
towards high power by maintaining broad emission is needed. Among designs dis-
cussed in this work, a bent-waveguide design is considered to be a potential candi-
78
date for high output power. This work has also been accepted for a publication in
Photonics West 2016.
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Appendix A
Important processing steps of a RWG device
Ridge exposure processing steps
• Deposit 300 nm SiO2 using PECVD.
• HMDS and resist spin, 3000 rpm, 40 s.
• Clear the edges of the sample by EBR or acetone + swap.
• Soft Bake, hotplate 1 min at 110 ◦C.
• UV exposure for 5.0s.
• Development for 20 s using AZ726MIF developer.
• Hard Bake for 2 min at 125 ◦C using hotplate.
• SiO2 etch using CHF3 and Ar.
• Remove resist by S1165 (80◦C) + ultrasonic bath.
• O2 plasma treatment in RIE.
• SiO2 extra etch to get rid of micropillars.
• ICP-RIE using using CL2 and N2 process gases.
• SiO2 etch using CHF3 and Ar.
Opening exposure processing steps
• 100 nm SiN growth under using PECVD.
• HMDS + AZ6632 resist coating by 2300 rpm for 20s.
• Clear the edges of the sample by acetone.
• Soft bake at 115 ◦C for 2 min.
• Exposure for 2s using proximity contact with exposure Gap = 40 µm and align-
ment gap= 12 µm 4 min development with MIF.
• Hard Bake for 2 min using a hotplate at 125◦C.
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• SiN RIE etch CHF3 and O2 process gases.
• Remove resist by S1165 at 80◦C and ultrasonic bath.
• O2 plasma treatment in RIE.
Metal exposure processing steps
• AZ5214E resist coating at 3000 rpm for 40s.
• Soft bake at 100 ◦C for 1 min.
• Exposure for 4s using hard contact.
• Image reversal bake at 115 ◦C for 2 min.
• Flood exposure for 32s.
• Development with MIF for 30s.
• 4 min HCl dip and dry with nitrogen.
• p-metallization Ti/Pt/Au.
• Lift-off: Resist removal by S1165 at 80◦C and ultrasonic bath.
Finishing steps
• 170 nm SiO2 growth for using PECVD.
• AZ6632 resist coating at 4000 rpm for 40s.
• Hard Bake for 2 min at 125 ◦C on hotplate.
• Logitech lapper thinning to ≈ 120 µm. Sample cleaning by ecoclear at 80 ◦C and
N2 flow.
• HCl treatment for 3 min with no rinse.
• n-metallization: Ni/Au/Ge/Au.
• Resist removal by Acetone+Acetone+Methanol.
• Low RTA contact annealing for n-metal at 300 ◦C n-side down on new clean Si-
wafer.
• AR-plasma treatment in RIE chamber.
• n-metallization: Ti/Pt/Au.
• SiO2 etch using CHF3 and O2 process gases.
• Cleaving and scribing.
• Bonding.
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